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INTRODUCTION 
Starting in the 1960s many livestock producers began to enlarge, 
Intensify, and specialize their production techniques resulting In more 
confinement buildings (Donham, 1987). The number of swine confinement 
buildings In the United States Increased about 400% from 1963 to 1973 
(Bundy, 1974). The poultry Industry experienced a similar Increase In 
confinement production facilities. The shift to more Intensified 
livestock production systems has Increased the concentration level of 
dusts, gases, and Infectious agents in the building environment. This 
has created a potential health risk to livestock and workers in animal 
confinement units. 
It is also recognized that dust contributes to the deterioration of 
building components and equipment in high humidity environments. 
Dust can also serve as a carrier for bacteria and other 
microorganisms. If any of these particles are deposited in the 
respiratory tract, they can result in disease and infection. 
Particle size determines the location in the respiratory tract that 
particles are deposited. Viable aerosols and dust particles have been 
collected and measured to be of a size considered to be in the resplrable 
range. Generally, particles less than 5.0 microns are considered in the 
resplrable range and particles less than 2.0 microns are most likely to 
be retained in the lungs (Van Wicklen and Yoder, 1987; Meyer and Hanbeck, 
1986; ASHRÂE, 1981). 
Dusty environments have been proposed as a cause of chronic 
pneumonia and other respiratory diseases in swine which has resulted in 
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up to a 30% reduction in growth rate (Curtis et al., 1975a). It has also 
been shown that high dust concentrations can have a serious effect on the 
health and growth rate of poultry. It has been estimated that up to 25% 
of post-mortem condemnations of poultry are due to respiratory related 
diseases (Van Uicklen and Yoder, 1987). 
To help overcome the detrimental effects that dust poses to the 
health of livestock housed in confinement buildings and persons who work 
in these environments and to reduce the economic loss from deterioration 
and loss of equipment, a practical method to control or suppress dust and 
particles in the environment is required. 
Past research in test chambers at Iowa State University has shown 
that 95% to 99% of dust and bacteria can be removed from a room using a 
corona discharge and collector plate type electrostatic precipitator 
system. However, the original system design was not considered practical 
for commercial application because of the electrical hazard presented by 
exposed high voltage needlepoint electrodes and unprotected high voltage 
collector plates in the animal and worker space. Increased dust 
accumulation on building components such as celling, walls, exhaust-fan 
motors and controls when ionization was used was considered another 
disadvantage In the original design studies (Bundy, 1974). 
The primary objective of the study described here Is to research 
and develop a practical method of removing dust and other particulates 
from the environment of livestock housing using Ionization. Several 
commercial air cleaning devices are available which include gravity 
collectors, centrifugal collectors, fibrous media or fabric filters, and 
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electrostatic precipitators. Many of these are limited in their 
application to livestock environments due to performance limits and cost 
of cleaning and replacing filters. Electrostatic precipitators can 
remove particles less than 2.0 microns in diameter (ASHRAE, 1988). 
Typically, electrostatic precipitators are used to clean processing 
exhaust air or clean air before returning it to a conditioned space like 
a residence or office. 
Van Wlcklen and Albright (1982) modeled the respirable aerosol 
concentration in a calf house. The aerosol concentration inside the barn 
was assessed under different conditions by varying the ventilating rate, 
air mixing factor, and efficiency and recirculation flow rate of a 
supplemental air cleaner. Results from the model indicate that high 
ventilating rates and good air distribution are required to reduce 
airborne dust and aerosol concentrations. Incoming ventilating air can 
contribute a significant number of particles and aerosols to the indoor 
animal environment suggesting the need for supplemental air cleaning 
devices (Bundy and Hazen, 1973; Van Wlcklen and Albright, 1982). Based 
on the model developed by Van Wlcklen and Albright (1982) the required 
recirculation rate for a supplemental air cleaning device in a livestock 
environment must be at least two to three times the warm weather 
ventilating rate. This required recirculation flow rate is significantly 
higher than the required cold weather ventilating rate making It 
Impractical to use a recycling type air cleaner to control dust in a 
livestock housing environment. Therefore, this study attempts to develop 
a dust removal and control system that uses ionization to charge and 
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remove airborne dust particles and does not require a large volume flow 
rate of ventilating air. The specific objectives of this study are to: 
1. Develop a corona discharge system that distributes ions 
uniformly into a livestock environment. 
2. Develop a dust collection and disposal system that will 
operate in a livestock housing environment. 
3. Evaluate the dust removal performance of prototype systems in 
a laboratory chamber. 
4. Evaluate overall system performance in an operating livestock 
production facility. 
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LITERATURE REVIEW 
Atmospheric Dust 
Dust characteristics 
American Society of Heating, Refrigerating, and Air Conditioning 
Engineers (ASHRAE) defines dust to be solid particles projected into the 
air by natural forces such as wind, volcanic eruption, or earthquake, or 
by mechanical processes including crushing, grinding, demolition, 
blasting, drilling, shoveling, screening, and sweeping. Dust particles 
can be the result of reduction of larger masses or simply dispersed 
materials that were already pulverized. Generally, particles with a 
diameter of less than 100 microns are classified as dust (ASHRAE, 1981). 
In swine housing, particles with a diameter less than 100 microns 
can be present in high concentrations. These particles are introduced 
into the environment by worker and animal activity and material movement. 
Studies done on workers at swine confinement facilities show a higher 
incidence of respiratory problems than is common in the public at large. 
An estimated 700,000 persons are occupatlonally exposed in animal 
confinement operations in the United States (Donham and Gustafsson, 
1982). This includes owner•operators, spouses, children, employees, and 
veterinarians. In Iowa, an estimated 53% of the people working on swine 
farms, or over 80,0000 persons, work in confinement buildings (Donham, 
1987). A University of Nebraska survey (Chiba et al., 1985) indicated 
that 47.5% of producers surveyed were bothered by hog dust and odors. 
Particle size analysis research on dust from swine buildings at 
Iowa State University (Bundy and Hazen, 1974) showed that 95% of the dust 
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particles were in a size range that is considered damaging to human 
lungs. Dust particles less than about 5 microns in size are considered 
most damaging to the respiratory system. Particles greater than 5 
microns usually settle out or are usually trapped in the upper 
respiratory tract and coughed out. Particles less than 5 microns In size 
are generally considered to be in the resplrable dust range and can 
penetrate deeper into the respiratory tract, causing irritation and 
increasing the chance of respiratory illness. "Resplrable particles" are 
those particles that are carried to the lower lung region of the 
respiratory system where they can be transferred through the alveoli Into 
the circulatory system. 
Toxicologlcal studies have indicated that particulate matter that 
is inhaled and retained in the lungs may exert a toxic effect because of 
the Influence of the particle on the lung tissue or because of toxic 
material adsorbed on the particle surface. Studies show that particles 
below 1.0 micron in diameter may have a greater effect than larger 
particles, partly due to the large number in the environment (Oglesby and 
Nichols, 1978). Therefore,, removal of particles less than 1.0 or 2.0 
micron is Important. 
Health hazards of dust 
Dr. Kelly Donham of the Institute of Agricultural Medicine and 
Environmental Health at the University of Iowa claims dust particles in 
swine facilities have several characteristics indicative of their 
potential health hazard, including: 1) particle size in the resplrable 
range, 2) high protein concentration, 3) high bacterial and fungal 
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counts, 4) endotoxin activity, and 5) adsorbed Irritating gases (Donham 
and Lelnlnger, 1984). 
Because dust can pose a health hazard, government guidelines have 
been established defining acceptable dust levels In the working 
environment. Under working conditions, the amount of dust a worker Is 
exposed to In any 8-hr work shift of a 40-hr work week Is also limited. 
For Inert or nuisance mineral dust, the limit for resplrable fraction of 
total dust Is 5 milligrams per cubic meter and 530 million particles per 
cubic meter (mppcm). Total dust Is limited to 15 milligrams per cubic 
meter and 1765 mppcm (OSHA, 1986). 
Previous studies have shown that the air In livestock buildings is 
contaminated with potentially harmful substances and that extensive 
respiratory symptoms and dysfunction are present among workers. However, 
little Information has been available on dose response relationships for 
determining exposure limits of air contaminants In livestock buildings, 
Donham (1987) cites a study by Donham, Hagllnd, and Rylander that shows 
the quantitative dose-response relationship between environmental 
exposure and health parameters In swine confinement environments. This 
study reports that there Is biological activity associated with swine 
house dusts and that nuisance dust standards, the only available 
standard, may not be completely applicable. Donham recommends the 
following dust exposure thresholds for swine housing: a) 3.8 milligrams 
per cubic meter total dust, personal sampling and 2.4 milligrams per 
cubic meter, area sampling, and b) 0.28 milligrams per cubic meter 
resplrable dust, personal sampling and 0.23 milligrams per cubic meter. 
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area sampling (Donham, 1987). Donham admits that these values need to be 
confirmed, but presents these thresholds as practical limits for 
livestock confinement environments. 
Case studies have shown that there Is a correlation between working 
In a dusty environment and an Increase in health problems. In studies 
done by Donham et al. (1977), health histories of workers were taken, 
gases measured, and dust samples collected for thirteen swine confinement 
units. Analysis of dust samples showed that on a weight basis, 41% In 
summer and 52.5% In winter of the dust was considered In the resplrable 
dust size range. Over 60% of the workers experienced some type of 
adverse reaction after working In the building for various lengths of 
time. Thirty-five veterinarians were also Interviewed with 32 reporting 
adverse effects associated with work In livestock confinement units. 
Strolk and Heber (1986) found similar results In a survey done on worker 
health problems in 11 commercial swine finishing houses. 
To obtain a larger pool of data. Dr. Donham sent questionnaires to 
2459 swine confinement workers in Iowa and received 1100 responses. Over 
60% of the people responding reported some type of adverse effect 
including coughing, 67%; phlegm, 56%; scratchy throat, 54%; runny nose, 
45%; eye irritation, 39%; headaches, 37%; tightness of chest, 36%; 
wheezing, 27%; and muscle aches and pains, 25% (Donham and Gustafsson, 
1982). 
The most common respiratory symptoms are cough, phlegm production, 
chest tightness, shortness of breath, and wheezing and are associated 
with the increased reactivity of the respiratory airways. Studies 
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suggest that with Increased exposure, greater than two hours per day and 
six years work experience, workers become more reactive to the 
confinement environment (Donham, 1987). 
Influence of particle size 
ASHRAE (1981) states that industrial hygienists are primarily 
concerned with particles less than 2 microns in diameter as this range of 
sizes is most likely to be retained in the lungs. Particles larger than 
8 to 10 microns in diameter are separated and retained by the upper 
respiratory tract, while intermediate sizes are deposited mainly in the 
conducting airways of the lungs, from which they are cleared or coughed 
out. Brain and Hosier (1980) made predictions on the amount of particles 
deposited in various parts of the respiratory system based on a model of 
lung deposition and clearance using mass median aerodynamic diameter 
(MMAD). For an MMAD of 20 microns, approximately 95% of the particles 
are deposited in the upper respiratory system or nasopharynx. For an 
MMAD of 2.0 microns, 50% are deposited in the nasopharynx and 21% in the 
alveoli of the lungs. When the MMAD lowers to 0.2 microns less than 3% 
are deposited in the nasopharynx and over 40% are deposited in the 
alveoli. As the MMAD decreased, the percentage of particles deposited in 
the nasopharynx continued to drop while the percentage deposited in the 
alveoli Increased. 
Curtis (1983), in his review of the animal environment, cites Hatch 
and Gross on deposition of dust particles in the respiratory tract. He 
writes that most of the particles 5 microns or larger are retained by an 
animal's respiratory tract, especially the upper part. Fewer of the 
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particles less than 3 microns In diameter are retained in the upper 
tract, and most of these are deposited in the lower respiratory tract, 
that is, in the lungs themselves. The lungs retain almost all of the 1 
to 2 micron particles that reach them. 
Even in a typical atmosphere it is common for 80% of the particles 
to be less than 0.1 microns in diameter while contributing only about 1% 
of the weight (ASHRAE, 1981). In an atmosphere with a high dust level, 
however, even a moderate percentage of resplrable size particles could be 
very damaging because of the large number entering the lung. 
Measurements done in swine houses give various results in percent 
resplrable and total dust levels. Bundy and Hazen (1975) found that 95% 
of dust, on particle count basis. In swine buildings is in a size 
considered damaging to human lungs. Donham and Gustafsson (1982), on the 
other hand, found only 15.5% of the dust to be in the resplrable size; 
however, it is not clear if these results are on a particle count or 
weight basis. Results based on particle count can be significantly 
different than results reported on a weight basis because the smaller 
particles contribute a smaller percentage to the total weight per 
particle. Particle counts report the total number of particles for each 
size group and are not biased toward the larger particles. 
Host researchers have found levels of resplrable particles in swine 
houses to be relatively high. Meyer and Manbeck (1986) collected samples 
from 8 commercial hog farms and considered the resplrable portion of the 
total dust to be particles 4.7 microns and smaller. Average resplrable 
dust percentages for farrowing, nursery, and gestation-breeding rooms 
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were 63.0, 19.6, and 46.8 respectively, on a weight basis, with average 
dust levels ranging from 0.77 to 2.74 mg/m^ . Largest resplrable dust 
percentage did not always coincide with highest total dust level. Kovacs 
and Rafai (1984) sampled fattening houses of six intensive production 
units. Particle count levels under 2 microns in diameter were between 
52% and 68% of the total. 
Air samples were taken from eleven commercial swine finishing units 
in Kansas by Strolk and Heber (1986). Four were environmentally 
controlled buildings and seven were modified open front buildings. 
Samples were analyzed and the number of particles less than 5.2 microns 
in diameter were compared with the total count. The range was 83.0% to 
97.6% with an average of 93.3%, while the median diameter range was 1.87 
to 2.83 microns with an average of 2,22 microns. Average dust levels 
were in the range of 3.5 to 14.8 mg/m^ . Nilsson (1984) ran tests in 
fattening houses and found counts for particles between 0.5 and 2.5 
microns were about 80% of the total but the weight of those particles was 
not more than 10% of total. 
Resplrable particles are not the only health hazard found in a 
confinement atmosphere. Bacteria and viral agents may be carried on dust 
particles or may clump together to form a relatively large particle. If 
this particle is deposited anywhere in the respiratory tract it may 
result in disease or infection (Curtis, 1983; Donham et al., 1977). 
Curtis et al. (1975b) measured aerial BCFP (bacterial colony-forming 
particles) in swine gestation and farrowing houses typical of commercial 
buildings. Lung-depos1table size particles, defined as 4.7 microns or 
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smaller, were compared to the total dust sample. Results showed 
approximately 30% of aerial BCFF were lung-deposltable and that higher 
aerial dust levels resulted In higher aerial BCFF levels. Although the 
majority of aerial BCFF Is not lung-deposltable It Is still a challenge 
to the health of lungs because of the high concentration present in swine 
houses. 
Animal studies have also shown that there were damaging health 
effects due to the confinement environment. Eight rabbits and 12 guinea 
pigs were maintained for 12 months in a confined nursery-grower unit with 
control animals kept in laboratory housing (Donham and Leininger, 1984). 
Rabbits and guinea pigs were used because they have been used in studies 
of other respiratory tract diseases found in humans. Concentrations of 
gases and dust in the building were found to be similar to typical swine 
confinement housing. Results showed 2 test rabbits died while none of 
the controls died, 7 guinea pigs died and one of the controls died. 
Tests done on lungs of the animals indicated that the atmosphere in swine 
confinement buildings resulted in serious injury to respiratory tract. 
Donham and Leininger concluded that these results support the supposition 
that long-term occupational exposure to swine confinement building 
atmosphere could lead to chronic or permanent pulmonic disease in humans. 
Curtis et al. (1975a) cites various studies that Indicate pigs are 
also affected by dusty atmosphere: Swltzer has shown that chronic 
pneumonia results from various factors including bacterial lung infection 
and environmental adversities; two different studies by Jericho and 
Kovacs et al. suggest that gases, dust, and bacteria can cause and 
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aggravate respiratory diseases In swine; Huhn shows that chronic 
pneumonia Is widespread and may reduce growth rate In swine up to 30%. 
Studies In poultry housing have shown that high resplrable dust 
concentrations In broiler houses can have a serious effect on the health 
and growth rate of birds. Inert and viable particles can affect the 
ability of microorganisms to be transferred between birds, reduce bird 
growth rate, and Increase condemnation during processing. Van Wlcklen 
and Yoder (1987) cite work by Yoder that indicates birds exposed to high 
dust environments are stressed by accumulation of particles In the 
respiratory airways causing repeated coughing and Increased 
susceptibility to pathogenic organisms. Van Wlcklen and Yoder (1987) 
also cite National Agricultural Statistics Service (NASS) statistics 
showing that over one-fourth of broiler chickens condemned during post­
mortem Inspection by federal inspectors in 1985 was caused by respiratory 
related diseases. 
Odor from swine confinement facilities is also considered a 
problem which may be linked to dust levels. Licht and Miner (1979) found 
a high correlation between removal of particles and detected quality 
difference in odor intensity. Hammond et al. (1979) found the Intense 
odor of a swine confinement building was removed by breathing through a 
0.8 micron Millipore filter as verified by a panel of eight observers. 
He concluded that all odors of animal facilities are amplified by 
particles. 
A study cited by Honey and McQuitty (1976) used a five person panel 
to Investigate odors in swine housing. The fraction of dust particles 
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between 5 and 20 micron seemed to be the most important particle size 
range contributing to the transport of odors. Filtering the dust from 
the air completely removed the odor. 
Source of dust 
In swine confinement facilities the main source of dust is not 
easily determined. Dust is made up of animal hair, skin, dry excreta, 
and feed (Honey and McQuitty, 1979; Curtis, 1983; Stroik and Heber, 
1986). However, many researchers believe most dust originates from 
animal feed (Curtis et al., 1975b; Honey and McQuitty, 1979). 
Bundy and Hazen (1975) found that dust levels were affected when 
different feeding methods were used. Self-feeders and floor feeding of 
ground feed, pelleted feed, and wetted ground feed were studied. 
Palletized feed resulted in a significantly lower dust level than ground 
feed when both were floor fed. Although Nilsson (1984) concluded that 
most of the total dust in a fattening house does not originate from feed 
but from the animals themselves, his measurements showed that dust levels 
did increase substantially during feeding, at times to more than 100 
mg/m®. 
Stroik and Heber (1986) used optical microscopy to identify starch, 
bran, and skin particles in dust collected from commercial swine 
facilities. Starch comprised 11% of the total counted particles. Most 
of the larger particles occurred as aggregates of starch particles, but 
bran and skin were also identified in the larger particle sizes. Honey 
and McQuitty (1979) used photomicrographs of settled dust particles and 
concluded that the primary origin was feed. 
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Additive use with feed 
Soybean oil has been used as an additive in feed to control dust 
levels in swine housing (Gore et al., 1986). Gore et al. (1986) 
evaluated the effects of additives on nursery air quality and performance 
of weanling pigs, Independent of calorie density of the diet, by adding 
5% soybean oil to starter diets. Three separate trials were run. Body 
weight, pen feed consumption, settled dust, ammonia, carbon monoxide, and 
aerosol concentration of bacterial-colony-forming units (BCFP) were 
measured on a weekly basis. Ammonia and carbon monoxide levels were not 
found to be influenced by added soybean oil except in trial 2 where the 
levels were higher. Settled dust levels were reduced approximately 45% 
and BCFP counts 27% when oil was added to the diet. Pigs fed diets 
containing soybean oil consumed 4.3% less feed and had 4.1% lower feed 
per gain ratio, while average daily gain was similar. 
Tallow has also been used as an additive to control dust and 
enhance pig performance (Chiba et al., 1985). Trials were run on growing 
finishing pigs in modified-open-front buildings. Aerial dust levels, 
settled dust, nutrient separation in the auger, and pig performance were 
measured. Aerial dust was measured using a four-stage cascade Impactor. 
Settled dust was measured using 9-cm diameter petrl dishes. Diets 
containing 2.5% and 5.0% tallow were compared with a control. Aerial 
dust levels were reduced 49% with 5.0% tallow and 21.0% with 2.5% tallow. 
Settled dust levels were reduced 41% with 5.0% tallow and 9.8% with 2.5% 
tallow; however, conditions were different during the feeding of 2.5% 
tallow. The settled dust was analyzed for crude protein content and 
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examined microscopically. It was determined that the dust was primarily 
made up of feed. 
Cast and Bundy (1986) studied the use of mineral oil, soybean oil, 
and soybean lecithin as additives to control dust produced from a swine 
base mix. Drop tests in a laboratory chamber were used to measure 
dustiness. Several additive levels or combinations were compared. The 
amount of additive was determined on a percentage weight basis. The 
following levels were used: a) Mineral oil - 0.5%, 1.0%, 2.0%; b) 
Soybean oil - 0.5%, 1.0%, 2.0%; c) Lecithin - 0.5%, 1.0%, 2.0%; d) 
Mineral oil + Lecithin - 0.5 + 0.5%, 1.0 + 0.5%; e) Soybean oil + 
Lecithin - 0.5 + 0.5%, 1.0 + 0.5%. 
Results show all additives to be highly effective at removing small 
particles (less than 10 microns). For all additive levels, the reduction 
in dust based on the untreated control ranged from 75.8% to 99.5% on a 
weight basis with all levels except 0.5% soybean oil and 0.5% mineral oil 
resulting in a dust reduction of at least 90 percent. Soybean oil added 
at 0.5% yielded the smallest reduction, 75.8%, while lecithin at 2.0% had 
the largest reduction, 99.5%. All additive levels showed a significant 
reduction in aerial dust concentration based on particle counts. The 
percent reduction for all additives was at least 99 percent. Lecithin 
was shown to be the most effective individual additive. Also, the 
combination of lecithin with either soybean oil or mineral oil resulted 
In less total additive needed to obtain similar dust reduction levels. 
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Dust control methods 
It is true that the best way to avoid a dust problem is to control 
dust generation at the source. This ideal situation is not likely to be 
fully achieved, but improvements can be made towards that ideal. For 
example, feeding method and feed type can affect the amount of dust in 
the environment (Bundy and Hazen, 1975) and the use of additives in 
ground feed can be used to reduce the dust created from feed sources 
(Chiba et al., 1985; Cast and Bundy, 1986). 
Nuisance problems of dusts and small particles occurs when they 
become airborne and enter the environment. Dust control is usually 
concerned with airborne particles. Dust control processes consist of 
preventing their formation, controlling the movement of particles, and 
enhancing the removal of airborne particles. Sometimes dust control is 
used for economic reasons, but more commonly it is used to reduce or 
avoid the harmful effects of the dust in the environment. 
Once dust is airborne, it tends to follow general air currents. 
Therefore, controlled ventilating air movement can be an effective and 
practical method for dust removal. Conventional ventilation practices 
cause a dilution effect to occur reducing indoor dust concentrations. 
However, previous research shows that incoming ventilating air can 
contain a significant amount of dust and particulates which can add to 
room dust concentrations (Bundy, 1974; Van Wicklen and Albright, 1982). 
Also, typical ventilating rates provide an air exchange rate much less 
than that required to reduce dust levels to an acceptable level by 
dilution. When ventilation is used for temperature control, as is 
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commonly practiced in mild and hot weather, the air exchange rate is 
adequate for dust control (MWPS-1, 1987). However, during cold weather, 
adequate ventilating air exchange to control dust requires too much 
energy to be practical. Therefore, other methods of removal and control 
must be considered. 
Suspended dust particles follow the general airflow currents, but 
are also affected by gravitational, inertial, molecular, and other forces 
(Dorman, 1974). Air cleaning equipment provide a means of impressing 
forces on dust particles so that they are impacted on a collector and 
removed from the environment. The forces may be impressed in various 
ways. Air cleaning processes employ the following physical principles, 
either alone or in combination; 1) gravity, 2) centrifugal forces; 3) 
impingement, impaction, and interception; 4) diffusion effects; or 5) 
electrical forces, (Dorman, 1974; American Foundrymen's Society, 1967; 
ASHRAE, 1988). Some available commercial dust collection methods Include 
gravity and momentum collectors, centrifugal collectors, fibrous media or 
fabric filters, and electrostatic precipitators. 
Common gravity collectors are settling chamlsers which are capable 
of removing large particles above 50 to 70 microns. Settling chambers 
are simple in design, but have a low efficiency and require a large 
space. Momentum collectors rely on sudden directional changes in the gas 
stream to separate and collect particles. Momentum collectors require 
less space than settling chambers and can collect particles 20 microns 
and larger with reasonable efficiency. Typically gravity and momentum 
collectors can handle particles greater than 50 microns with an 
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efficiency of about 50% (ASHRAE, 1988). These types of collectors are 
typically used in conjunction with other dust control equipment. 
By using Stoke's law, the maximum air flow velocity that allows a 
particle 10 micron in size to settle is 0.003 m/s (0.6 ft/min). In a 
livestock environment, air velocities below 0.3 m/s (60 ft/min) are 
considered to be still air, (ÂSAE, 1983). Therefore, most particle less 
than 10 microns in size will stay in suspension. Larger particles will 
settle out more rapidly and are not considered to be in the size range to 
present a major health risk. 
Dry centrifugal (cyclone) separators are inertlal collectors that 
remove particles by spinning the gas. Low-pressure cyclones can remove 
50% of the suspended particles in the 5 to 10 micron range. High 
efficiency cyclones operate at a higher pressure drop and can remove 70% 
of the particle with a diameter of about 5 microns. Cyclone separators 
can usually remove particles greater than 10 microns with an efficiency 
of up to 85% (ASHRAE, 1988). 
Fibrous media filters, renewable media filters, and air scrubbers 
intercept dust particles in the air stream and capture them on the filter 
fibers. Fibrous filters can remove particles in the submicron range at a 
high collection efficiency. Fibrous filters can collect particles 0.2 
microns or greater with high efficiency, up to 99%. However, filter 
media must be cleaned frequently to prevent excessive resistance to air 
flow and their use and application is limited by the cost of cleaning and 
replacing filter media. Fibrous filter air cleaners are usually limited 
to applications with low dust levels. Typically, the maximum dust load 
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is limited to 2 rng/n? and is usually limited to less than 0.2 mg/tt? 
(ASHRAE, 1988). The use of fabric or fibrous media filters in a 
livestock housing environment is limited by the amount of dust and cost 
of cleaning and replacing filters. Air scrubbers are usually a wet-type 
dust-collecting device which uses some type of liquid to capture and 
remove particulates. Particle size can range from 0.3 to 50 micron or 
larger. Similar loading and cleaning limitations apply to the use of wet 
scrubbers in livestock environments as to fabric filters. 
Electrostatic precipitators electrically charge dust, aerosols, and 
other particles in the air and particles are attracted to a collection 
electrode and removed by electric field forces. Particles are charged In 
an electrical corona that surrounds the charging electrode. The voltage 
at which corona begins is proportional to the radius of curvature of the 
electrode surface. Therefore, high curvature surfaces, such as small 
diameter wires, projection points, or needles, are used as charging 
electrodes (ASHRAE, 1988). 
Electrostatic Precipitation 
The phenomenon of electrostatic precipitation has been know for 
about 200 years, but not until the early 1900s has it been seriously 
applied to removing particulates from the air (Brown, 1974). The basic 
principle of electrostatic precipitation is the charging and removal of 
liquid and solid particles from the air. A high negative voltage 
potential ionizing electrode is used to charge particles in the air. The 
principle that opposite electrical charges are attracted to each other is 
applied to attract and collect particles on to a collection surface in an 
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electric field. 
A common type of electrostatic precipitator uses an ionizing 
electrode and plate collector. Ions are produced by maintaining a high 
voltage potential between the ionizing electrode and charged plate. Ions 
created at the high potential ionizing electrode flow across the 
airstream toward a surface of opposite or neutral polarity. A charge 
accumulates on dust particles in the air by bombardment and diffusion 
charging. Charged dust particles are attracted toward the collection 
plates by the electrical attraction forces between two oppositely charged 
objects. The charge on the dust particle directs it toward a collection 
surface of opposite polarity. 
Corona discharge 
A high potential ionizing electrode is used to initiate a corona 
discharge which creates gas ions formed by the electrical breakdown of 
the gases surrounding the electrode. Corona formation occurs when an 
electrical potential is Increased between two electrodes to a level where 
electrical breakdown of the gas surrounding it can occur. 
If a wire of small cross-section adjacent to a metallic plate or 
surrounded by a metallic tube is raised to a negative voltage, a current 
will flow from the wire to the plate. As the voltage Is Increased the 
current Increases due to the increasing number of naturally occurring 
Ions in the air reaching the metallic plate. When all such ions are 
transferred to the plate at the rate of formation, no further Increase In 
current occurs. Increasing the voltage gradient in the vicinity of the 
wire causes a corona discharge to begin. In this process, positive Ions 
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Impinge on the wire and release electrons that ionize the gas around the 
wire by a chain reaction, producing further positive ions and electrons. 
The positive ions produce more electrons at the wire and the electrons 
associate themselves with gas molecules forming negative ions which flow 
to the positively charged plate. Further increase in voltage causes the 
current to rise rapidly until flashover or sparking occurs between the 
wire and plate (Brown, 1974). 
For two parallel plates in ambient air, the critical value is about 
30 kV/cm of separation between the plates (Oglesby and Nichols, 1978). 
If a fine wire or point discharge is used as the discharge electrode, 
breakdown can occur near the electrode without a passive electrode 
present. This can occur at charge potentials of 6 to 8 kV, depending on 
the size of the fine wire or point electrode. Because the corona created 
by an a.c. power source causes an oscillation motion of the charged 
particles, a d.c. power source Is usually used. Â d.c. power source does 
not create an oscillation in the charge. 
Typically, electronic air cleaners use a dc potential of 12,000 
volts or more to create the ionizing field (ASHRAE, 1988). These high 
voltages require some safety measures be considered. The voltage 
necessary for operation of electrostatic precipitation equipment can be 
obtained from high-voltage direct current power supplies operating from a 
110-120 volt, 60-cycle, single-phase building service. 
For efficient precipitation the ionizing electrode voltage must be 
high enough to create a corona discharge and maintain a flow of ions 
sufficient to attach themselves to the dust particles. However, it muse 
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not be high enough to cause a flashover or sparking between the wire and 
plate. The optimum voltage occurs when a considerable number of negative 
ions flow continuously from a point on the wire toward the plate without 
creating a flashover or spark. For a tubular precipitator the corona 
current depends on the applied voltage, the radius of the receiving 
electrode, and the radius of the ionizing electrode. The difference 
between the applied voltage and the starting corona voltage also affects 
the corona current. The corona starting voltage is dependent on the 
corona starting electric field strength, which cannot be determined 
theoretically and an empirical relationship must be used (Dorman, 1974). 
For a wire discharge electrode in a tubular collector, the field 
strength at the wire varies with the distance between the discharge and 
collection electrode and the radius of the wire electrode. A smaller 
radius wire electrode reduces the field gradient strength required to 
start the corona which results in a lower corona starting voltage. The 
corona starting voltage Increases approximately in proportion as the 
radius of the wire electrode increases. Therefore, it is desirable to 
maintain the cross-section of the discharge electrode as small as 
possible. 
Particle çherglng 
Charging and precipitation of dust particles is accomplished in one 
or two stages. A single stage precipitator uses the discharge electrode 
to create the corona discharge for particle charging and the electric 
field for the directing and precipitation of the charged particles. The 
single stage precipitator is most common and simpler to construct. 
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In a two stage precipitator the particle charging and precipitation 
are carried out separately. In the first stage, particles are charged by 
corona discharge and ionization of the gas and then pass into the second 
stage where charged particles are precipitated on collecting plates. 
These types of precipitators are commonly used to clean atmospheric air 
for air conditioning purposes. The required voltage input is less, 
consuming less current than a one-stage precipitator, but are more 
complex to construct. 
Particles near the corona discharge become charged by collision 
with negative gas ions present in the electric field. The ions are 
retained on the particles giving them a charge and directing them toward 
a point of opposite polarity. Collisions between gas ions and particles 
can occur in two ways. First, particles can be charged by bombardment by 
rapidly moving ions in the electric field until the particle becomes 
saturated with charge and repels other ions. Secondly, collisions can 
occur due to thermal movement of the ions and particles in the alrstream, 
called diffusion charging. These two type of collisions and particle 
charging often occur together. Charging by bombardment is most common 
for particles greater than 1 micron in size and diffusion charging is 
predominant for particles 1 micron or less (Brown, 1974; Oglesby and 
Nichols, 1978). 
Dust particles located between the wire and plate are charged by 
the negative ions and moved toward the plate under the influence of the 
electric field. Dust particle that reach the plate are retained, 
gradually losing their charge by giving up electrons and coagulating with 
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other particles. The direction a charged particle moves is governed by 
forces of the electric field, airstream movement, and gravity. 
The speed that a particle travels toward a collecting surface is 
called the migration velocity and Is dependent on particle size, electric 
field strength, charging current density, dielectric constant of the 
dust, and the viscosity and temperature of the gas or air. 
Dust that passes through an electrostatic precipitator unit and is 
not removed carries an electrical charge. Large numbers of these charged 
particles in a space can create a space charge that will tend to drive 
charged dust particles toward oppositely charged surfaces (ASHRAE, 1988). 
Dust resistivity 
Dust resistivity and the electrical characteristics of the dust 
will affect the charging process, but more importantly it may have a 
greater effect on the actual precipitation process. Most dusts, 
regardless of their electrical characteristics, will reach their limiting 
charge within about one second and be attracted toward the receiving 
electrode. The dust particle will adhere to the collecting surface and 
lose its charge and adhere to other particles. Medium resistivity dusts 
lose their charge slowly and are usually more stable. Low resistivity 
dusts (10* ohm cm) rapidly lose their charge and may acquire an opposite 
charge by Induction and be repelled back into the environment. Its 
charge is quickly reversed by the negative gas ions and the particle 
travels back toward the collecting electrode. In this varying state, a 
dust particle could eventually leave the precipitator and be re­
introduced into the environment. 
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Medium resistivity dusts (10* - 10^  ^ohm cm) seldom present any 
problems provided the collector electrode is cleaned appropriately. 
High resistivity dusts (greater than 10^  ^ohm cm) generally have a 
serious effect on precipitation. High resistivity dusts tend to build-up 
on the discharge electrode and collection surface increasing the 
electrical resistance and reducing the effective voltage and current. 
Another phenomenon associated with high resistivity dusts is "back 
corona". The charge is not adequately drained off and a high field 
strength develops between the free surface of the dust layer and the 
collecting surface causing a shock ionization to take place. During a 
shock ionization ions are emitted neutralizing the charge on the dust 
particles causing little craters to appear in the dust layer re* 
entraining dust into the environment. With high resistivity dust, the 
operating voltage and current must be reduced to maintain stable 
operation resulting in a reduction in precipitator collection efficiency 
(Brown, 1974). 
Air Ionization health effects 
The beneficial effects of the use of negative ions In the treatment 
of open wounds, bums, asthma, hay fever, and cardiovascular ailments in 
humans Is recognized. Studies to determine the effect of air ionization 
on animal health and growth rate indicate conflicting results. 
Hillstrom (1961) studied the effect of air Ionization on growing 
chickens. Although, he does not give negative air ionization any 
conclusive advantage over normal conditions, results did show that 
chickens raised with ionization had a definite weight advantage over 
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chickens raised In a normal atmosphere. 
Work by Kreuger and Smith (1957) with air Ions and rabbit trachea 
Indicate some benefit of negative ions in the atmosphere. They studied 
the beating frequency of the halrllke ciliary cells of the trachea and 
found that the beating frequency was increased by negative Ions. 
Positive ions caused the beating frequency to decrease. Since these 
cells move mucous toward the nose and throat to be expelled, it could be 
that the increased beating frequency of the ciliary cells results in 
increased comfort from respiratory ailments. 
Brown and Stone (1965) found no advantage in providing negative 
ionization in the environment of weaning pigs. No difference in weight 
gains or feed conversion efficiency were found during the test and 4 
weeks after the test. 
Doble et al. (1966) conducted seven tests with swine exposed to 
various positive and negative ion densities and normal conditions. Pigs 
were raised from 45 kg (100 lb) to market weight. Results from these 
tests show conflicting results in that each ion condition was shown to be 
beneficial in at least one trial of each test. In three test, growth was 
not affected by ionization. One test showed positive ions to be 
detrimental and another showed beneficial effects. Negative ions were 
shown to be harmful in one test and beneficial in another. The results 
of this study make it difficult to make a definite conclusion about the 
effect of ions on swine. 
Czarick et al. (1985) negatively ionized the air around weaned pigs 
and measured stress by using blood sampling, activity levels, and weight 
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gain. Results based on blood sampling and activity level suggest that 
negatively ionized air reduces the psychological weaning stressors. No 
difference in weight gain was recorded between the pigs with ionized air 
and the pigs studied in a normal environment. 
Although, previous research about the effects of negative 
ionization on the health and growth of animals has presented mixed or 
conflicting results, it can be concluded from the majority of results 
that there are no obvious detrimental effects and there may be beneficial 
effects. Therefore, detrimental effects on the health or performance of 
the animals is not a primary concern in the implementation of an 
ionization dust removal system. 
Ozone production 
All high voltage devices are capable of producing ozone (Og), which 
is toxic and damaging to paper, rubber, and other materials. Properly 
designed and maintained electrostatic air cleaners do not produce ozone 
concentrations that are above acceptable human exposure levels. 
Continuous arcing or electrical spark discharge contributes to an 
increased production of ozone and may yield levels that are annoying or 
mildly toxic. The body is very sensitive to ozone, detecting its odor at 
.0.3 parts per million (ppm) (McDonald and Dean, 1982). At 1 ppm, severe 
restriction of respiratory passages and damage to lung tissue can occur 
(McDonald and Dean, 1982). OSHA specifies that the allowable average 
exposure limit for an 8-hour period is 0.1 ppm (0.1 mg/kg) (ASHRAE, 
1988). Dobie et al. (1966) measured the level of ozone production when 
negative ionization was used with swine and poultry and found the ozone 
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concentration to be less than 0.1 ppm. 
Safety hazarfa 
A situation may be classified as hazardous whenever an 
unintentionally created electrical spark or discharge occurs. A spark 
may occur when an accumulation of a charge occurs on an object resulting 
in a rise in potential with respect to the surroundings. A common type 
of static charging occurs when charge builds up on the human body while 
walking across Insulating carpet, wearing synthetic-fiber clothing, etc. 
This type of charging results in a minimum-hazard spark (Bright et al., 
1979). A greater build-up of static charge or direct contact with the 
high voltage electrode can results in a more serious shock hazard. 
Electrical shock may result in any of the following conditions: 
pain from direct contact, resultant response from shock contributing to a 
secondary hazard such as falling or other injury, flesh burns, and 
possibly death if contact is prolonged. Pure direct current produces a 
steady sensation of intense heating and burning with only slight muscle 
contractions. A direct current of 10.0 milliamperes (mA) causes little 
or no sensation, but may result in secondary hazards. The sensation can 
become painfully unbearable at 60 mA to 80 mA. As the current increases, 
the sensations increase and serious burns can occur. Fibrillation 
appears in the range of 500 mA to 2000 mA with contacts that exceed a 
quarter of a second (McDonald and Dean, 1982). 
Ionization dust removal 
Research on dust removal from swine buildings by corona discharge 
has been studied at Iowa State University (Bundy and Hazen, 1974; Bundy, 
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1984). Studies were conducted to determine If corona-discharge could be 
used to remove dust from animal structures. Initial studies showed that 
dust could be precipitated from the air using corona discharge. 
Collector plates located on the walls of the building further Improved 
the collection efficiency. Another study showed that once dust was In 
the atmosphere, relative humidity had no significant effect on dust 
removal efficiency (Bundy and Hazen, 1974). The method of producing and 
distributing the large quantity of electrons needed further development 
for full-scale implementation In livestock housing. Other concerns were 
lack of control of where particles were deposited in the building and the 
safety of operators and animals from shock. 
Studies have also shown that ionized air is effective for reducing 
airborne disease organism concentrations. A project conducted by the 
Iowa State Experiment Station in cooperation with the National Animal 
Disease Center (NAOC) evaluated the use of ionized air for controlling 
airborne diseases of swine in confinement buildings. These studies 
showed that negatively ionized air is effective in reducing the 
concentration of airborne organisms in an animal isolation room (Songer 
et al., 1976) . 
Research has been done using an ionization system in a test chamber 
environment inoculated with a non-pathogenic aerosol to evaluate the 
effect of ionization on control of airborne organisms and aerosols. A 
laboratory study using a test chamber, nebulized aerosol, and an 
Escherichia coll S-13 phage test organism showed that ionized air is 
effective in reducing airborne microorganism and aerosol concentration 
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(Bundy and Veenhulzen, 1987). Total decay of viable bacterial organisms 
was measured with no attempt to differentiate between physical and 
biological decay. An Anderson silt sampler was used to measure viable 
bacterial decay and particle counts were taken to determine total aerosol 
reduction. Time-lapse plate cultures showed that the number of organisms 
was reduced over time by Ionization. With a single dose nebullzatlon, 
within 20 minutes after starting Ionization most of the test organisms 
were removed. 
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MATERIAL, EQUIPMENT, AND PROCEDURE 
Laboratory Experiment 
To study and evaluate the effectiveness and performance of each 
electrostatic precipitation dust removal prototype, a laboratory test was 
conducted. Each prototype developed was evaluated under similar 
conditions using a test chamber. 
A test chamber made of gypsum board and 38 mm x 89 mm (2 In x 4 In, 
nominal) studs was built, Fig. 1. Inside dimensions were 2.44 m by 4.88 
m by 2.44 m (8 ft x 16 ft x 8 ft). Sldewalls, celling, and floor were 
made of 9.5 mm (3/8 In) gypsum board supported by 38 mm by 89 mm (2 In x 
4 in, nominal) studs 410 mm (16 in) on center. Joints between gypsum 
board sheets were taped and sealed to make the chamber air-tight. A 1.07 
m by 1.37 cm (42 in x 54 in) access opening was located at one end of the 
chamber. The access opening was covered with a 9.5 mm (3/8 in) thick 
sheet of plywood and held in place with four quick release latches, one 
on each side. Located at the same end above the access opening, a 1.07 m 
by 1.22 m (42 in x 48 in) plexiglass observation panel was Installed. 
The plexiglass observation panel was sealed with silicon gel along the 
edges. 
One sampling port was located 1.52 m (5 ft) above the floor and 
2.44 m (8 ft) from the end. The sampling port measured 19 mm (3/4 in) in 
diameter. 
An adjustable opening, 2.33 m long by 70 mm high (92 in x 2.75 in), 
was located on the wall opposite the access panel 2.28 m (90 in) above 
Figure 1. Laboratory test chamber 
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the floor. An adjustable baffle was used over the opening to change the 
opening size. During some of the prototype tests outdoor air was 
introduced into the chamber by a fan that forced air through the high 
voltage ionization unit across the ionizing electrode creating a positive 
pressure in the chamber. The adjustable opening was opened during these 
test to provide an outlet for air to exhaust from the chamber. When 
outdoor air was not brought into the chamber the opening was closed and 
sealed. 
A 305 mm (12 in) diameter opening was cut in the end wall with the 
access opening. The opening was located 1.88 m (74 in) from the floor 
and 0.61 m (24 in) from the sidewall. This opening was used to bring 
outside air into the test chamber through some of the prototypes 
investigated. When the opening was not being used it was covered and 
sealed. 
Generation of particles 
A DeVilbiss nebulizing aerosol generator and DeVilbiss type 501 
portable compressor were initially used to create and add aerosol to the 
chamber simulating the dust-laden environment of a livestock building. • 
Difficulty in maintaining repeatable aerosol concentrations in the test 
chamber required an alternative particle generation method. Different 
nebulizing media, smokers, and misters were Investigated. Each of these 
methods proved to also be unreliable. The method that provided the most 
reliable chamber particle concentration was to Introduce a filtered 
sample of talcum powder into the chamber using a fan, mixing box, and 
filter. 
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A 300 mm x 230 mm x 280 mm (12 In x 9 In x 11 In) box with an 
access door In the top was used. A 0.05 m/s (100 cfm), 186 W (1/4 hp) 
centrifugal fan was mounted on one end to provide the air turbulence 
Inside the box required to suspend the dust particles and propel them 
Into the chamber. A fibrous filter was Installed over the discharge end 
of the mixing box. The dust distribution box is shown in Fig. 2. The 
talcum powder sample was passed through a filter to reduce the number of 
larger particles in the sample and concentrate the smaller particles for 
each test. 
Test 
Chamber Fibrous 
Filter Over-
Outlet 
300 mm ^ 
Figure 2. Dust mixing and distribution box used in laboratory study 
Power supply 
All electrostatic precipitator prototypes were tested with a 
negative d.c. power supply, rated at 24,000 volts, connected to the 
ionizing electrodes and a positive d.c. power supply, rated at 18,000 
volts, connected to the collection electrode. The power supplies operate 
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off of typical 115 V, 60 Hz, single-phase a.c. electrical service. The 
power supply uses rectifiers to convert the a.c. Input current to a high 
voltage d.c. current. The discharge and receiving electrodes were 
connected to the power supply with 40 kV cathode ray wire. 
The nameplate maximum current rating was 50 milliamperes. 
Laboratory measurement of the maximum current draw with the power supply 
output connected to ground ranged from 4.3 milliamperes to 8.2 
milliamperes. 
Sampling eqwipment 
One sampling port was used to sample the test chamber air and count 
particle concentration. The sampling port was a 20 mm (3/4 in) diameter 
hole located 1.52 m (5 ft) above the floor and 2.44 m (8 ft) from the 
end. Plastic surgical tubing, 6.3 mm (1/4 in) in diameter, was used to 
sample the chamber air. The tubing was connected to a Royco Model 225 
Aerosol Particle counter outside the test chamber and passed through the 
sampling port extending 610 mm (24 in) into the room. 
Particle counting A Royco Model 225 Aerosol Particle counter 
was used to measure the dust concentration in the chamber. The Royco 
particle counter is an instrument for counting particle concentrations in 
a gaseous media. The counter is capable of counting particles of 0.5 
micron diameter and larger in concentrations up to 3,500,000,000 
particles/m® (100,000,000 particles/ft®). 
The Model 225 Aerosol Particle Counter uses the light scattering 
principle to detect particles and generates a signal pulse proportional 
to the size and quantity of particles. As particles pass between lenses, 
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light is scattered. If no particles are present, essentially all the 
light passes through into the light trap where it is absorbed. The angle 
at which the light is deflected causes some light to bypass the light 
trap and be focused on the photocathode of the photomultiplier tube. The 
amount of light reaching the photomultiplier is proportional to the 
particle size. The photomultiplier senses the light and emits an 
electric current pulse with a proportional amplitude that is counted if 
it falls in the desired range (Royco, 1977). 
The Royco Model 225 Particle Counter samples air at 0.0047 L/s 
(0.01 ft^ /min) or 0.047 L/s (0.1 ft®/min). The air sample is drawn into 
the sample cell through a sample inlet. The sample air volume is 
sheathed by a clean air volume to maintain a constant sample velocity and 
protect the sensor from contamination. It also allows for rapid clearing 
of the sensing compartment. At 0.0047 L/s (0.01 ft^ /mln) with a 6.3 nun 
(1/4 In) diameter sample tube the sample velocity Is 0.15 m/s (0.5 ft/s). 
According to Royco's specifications (1977), sampling Is effective for 
particles up to 10 microns in diameter. A sampling rate of 0.0047 L/s 
(0.01 ft^ /min) was used throughout the entire laboratory experiment. 
The Model 225 has five channel settings for sampling and counting 
particles. For this study, the counting thresholds for each channels 
were set at 0.5, 1.0, 2.0, 5.0, and 10.0 microns, respectively. The 
particle counter Is capable of counting the number of particles above a 
certain threshold level or the number of particles between two channel 
thresholds (Royco, 1975). For this study, particle count data were 
recorded as particle numbers between two threshold levels. The ranges 
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recorded were 0.5 up to 1.0 micron (0.5-1.0), 1.0 up to 2.0 micron (1.0-
2.0), 2.0 up to 5.0 micron (2.0-5.0), 5.0 up to 10.0 micron (5.0-10.0), 
and greater than 10.0 micron (>10.0). Data representing particles 
greater than 10 microns must be carefully evaluated since this is out of 
the reported reliable range of capability for the counter. 
Data collection procedure 
The test chamber was cleaned out with a vacuum prior to beginning 
testing of each prototype. The particle count was set to zero. A 
100,000 cubic millimeter volumetric sample of talcum powder was poured 
into the mixing box. The fan on the mixing box was turned on for 2 
minutes to distribute dust particles in the test chamber. Additional 
manual agitation of the mixing box was required for good mixing and 
distribution. After distributing the dust particles in the chamber the 
mixing box was removed and the access panel closed on the chamber. 
After the mixing box was removed and access panel door replaced, 
the power was turned on to the ionizing and collection electrodes and the 
particle counter was started. Samples, one minute in length, were 
collected with the particle counter for at least 40 minutes. After each 
one minute sample the counts were printed out on a printer tape attached 
to the particle counter. After at least 40 minutes, the particle counter 
was stopped and reset to zero. Between trials the power to the 
electrodes was shut off and any residual charge drained from the system 
to ground. The surfaces of the collection electrodes were wiped clean 
between each test. Another dust sample was added to the mixing box and 
the procedure was repeated. This sampling procedure was repeated for 
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each system studied. 
Ionization dust removal prototypes 
In previous research, electrons and negative ions were created and 
dispersed by corona discharge points using unprotected needle points 
symmetrically located in a grid system below the ceiling of an animal 
room (Bundy and Hazen, 1975). This design was not practical or 
considered safe for commercial application. Therefore, a new system 
prototype is needed. 
The primary objective in the design of a prototype is to generate 
and distribute ions uniformly into the animal confinement environment and 
not present a safety risk to the animals or operators. This system must 
also include a method of attracting, collecting, and removing dust from 
the environment. 
Ionization electrode 
Needlepoint and wire ionizing electrodes were investigated. Six 
exposed needlepoints and one exposed wire electrode were compared. The 
needlepoint electrodes were made using ordinary sewing needles soldered 
to 40 kV cathode ray wire. A 38 mm (1.5 in) diameter, 25 mm (1 in) long 
plexiglass weight was used to shield the needle and weight the wire so 
the needle remained pointing straight down. 
The wire electrode was made from 0.15 mm (0.006 in) diameter piano 
wire attached to a 305 mm (12 in) long, 38 mm (1.5 in) wide, 6.3 mm (0.25 
in) thick U-shaped plexiglass frame. The electrode wire was soldered to 
40 kV cathode ray wire and attached to the negative power supply. 
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A multiple needlepoint ionizing electrode was built as the first 
prototype. Sixty-five needlepoints were arranged and soldered in three 
rows to metal rods supported by a plexiglass frame. Later prototypes 
replaced the needlepoint electrode with the wire electrode because it was 
easier to construct, handle, and maintain. 
Ionization electrode enclosures 
The original prototype included an enclosed ionization unit and 
distribution duct. Figs. 3 and 4. The system consisted of a 450 mm x 450 
mm X 810 mm (18 in x 18 in x 32 in) ionization region with 65 needlepoint 
electrodes to create the corona discharge, a 300 mm x 300 mm x 2400 mm 
(12 in X 12 in x 94 in) distribution duct with 5-50 mm (2 in) diameter 
holes for distributing the ions into the room, and a fan rated at 0.052 
m^ /s (110 ft^ /min) to force air across the needlepoints, pick up Ions, and 
carry them into the room. Plexiglass was selected as the material for 
the ionization unit housing and distribution duct because it Is a good 
dielectric and electrical insulator. The inside back surface of the 
distribution duct was lined with an electrical conducting material and 
charged by the negative high voltage power supply. The corona generation 
process generates both negative and positive ions (Bohm, 1982; Oglesby 
and Nichols, 1978). If a negative electrode is used, the positive ions 
are attracted to the negative electrode and the negative ions are 
repelled away from the electrode. To enhance this process, the liner was 
negatively charged to attract the positive ions and repel the negative 
ions into the distribution duct. 
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Figure 3. Solid-sided electrode enclosure with distribution dust 
The objective of this design was to produce a high concentration of 
ions at the entrance of the air distribution duct and use air to carry 
and distribute ions into the animal space. Testing of this prototype did 
not yield the density of ions and dust removal performance expected. 
Further investigation suggested that the plexiglass ionizing chamber and 
distribution duct isolated the charging needlepoints causing the negative 
and positive ions to recomblne inside the duct and not be introduced into 
the animal space. 
To reduce the potential for positive and negative ion recombination 
the distribution duct was removed from the second prototype and air was 
passed directly over the charging needlepoints and exhausted directly 
into the room, Figs. 5 and 6. The ionizing chamber containing the 
ionizing electrodes was 450 mm x 450 mm x 810 mm (18 in x 18 in x 32 in) 
and was made of plexiglass. A fan rated at 0.052 m^ /s (110 ft^ /mln) was 
mounted on one end to force air across the electrodes and discharge ions 
into the room through a 450 mm x 450 mm (18 in x 18 in) opening at the 
opposite end. Testing resulted in increased ion production and improved 
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Figure 4. Solid-sided negative electrode enclosure with distribution 
duct and negatively charged liner 
Figure 5. Solid-sided electrode enclosure with fan and no distribution 
duct 
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Figure 6. Solid-sided ionizing electrode enclosure without distribution 
duct 
dust removal capacity. However, using the dust removal capability of six 
uniformly distributed exposed needlepoints as a reference, the results 
indicated that the dust removal efficiency required further improvement. 
Analysis of the results of the first two prototypes indicated that 
the plexiglass housing surrounding the ionizing electrode was acting as 
an insulator and shielded the negative electrodes which then Increased 
the voltage input required for corona generation to occur and produce 
ions. This concept is reinforced by a review of the basic principles of 
electrostatic precipitation which show that the corona starting voltage 
Is dependent on the electric field strength, applied voltage, and 
configuration of the collecting electrode (Oglesby and Nichols, 1978; 
Dorman, 1974). 
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The system was revised in the third prototype in an attempt to 
increase the electric field strength near the negative discharge 
electrode and reduce the magnitude of the applied voltage required to 
initiate a corona discharge. Since the plexiglass housing was acting as 
an insulator, its effects needed to be minimized. All Insulating effects 
would be eliminated if the housing were completely removed, but would 
result in an unprotected high voltage electrode. Therefore, to provide 
protection and improve performance, the solid sides of the ionizing unit 
housing were replaced with slotted sides on two sides to increase the 
exposure of the charging electrodes to the room environment. Figs. 7 and 
8. The slotted sides were 50% open with 25 mm wide (1 in) slats spaced 
25 mm (1 in) apart. The box surrounding the negative electrodes was 450 
mm X 450 mm x 810 m (18 in x 18 in x 32 in) with one end open to exhaust 
air into the room. A fan rated at 0.052 m^ /s (110 ft^ /min) forced air 
across the needlepoints to improve distribution. 
The ion production unit was installed in the wall to bring outside 
air in across the ionizing electrode charging the incoming ventilating 
air. As air passed over the charging points, dust becomes charged and 
begins to collect on the inside surfaces of the ionizing electrode 
housing. This produces a potential maintenance problem as particulates 
and aerosols collect inside the charging unit. 
Results from trials with the slotted-sided charging unit and 
previous work at Iowa State University with exposed needlepoints located 
inside the animal room indicated that for uniform ion distribution the 
charging electrodes need to be located inside the animal room. 
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Since forcing air across the charging electrode did not appear to 
improve ion distribution, the following prototypes do not include a fan. 
The negatively charged electrode was completely enclosed by a 76 mm x 76 
mm (3 in X 3 in) plastic mesh. The mesh enclosure was selected to 
replace the slotted sides because it provided more uniform spacing of the 
openings and was easier to use in constructing the prototypes. The 
primary purpose of the mesh is to provide a protective guard around the 
charging electrode reducing the chance of shock. It also provides a more 
uniform exposure of the electrode to the environment for maximum ion 
production and distribution due to electrical forces. 
A 457 mm x 178 mm x 305 mm (18 In x 7 in x 12 in) rectangular mesh 
enclosure was used in the laboratory test, Figs. 9 and 10, A single wire 
electrode, 305 mm (12 in) long, was used in the laboratory study. To 
make the rectangular mesh enclosure, 13 mm x 13 mm (1/2 in x 1/2 in) 
plexiglass pieces cut to length were used to make the frame and the 
plastic mesh was attached to the frame. The plexiglass electrode holder 
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Figure 8. Slotted-slded Ionizing electrode enclosure with fan 
Figure 9. Rectangular mesh enclosure used around ionizing electrode to 
protect from shock 
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was also attached to the frame before attaching the mesh. 
Ionization electrode testing 
During the testing of the Ionizing electrodes four 100 mm diameter, 
610 mm long (4 In diameter, 24 In long) cylindrical tubes were used as 
collection electrodes. The collection electrodes were made from aluminum 
air ducts. The collection electrodes were suspended 610 mm (24 In) from 
the celling and were located 610 mm (24 In) from the sldewall and 1.22 m 
(48 In) from the end wall. The collection electrodes were positively 
charged at 16 kV volts with a positive power supply. Collection 
electrode were connected to the positive power supply with 40 kV cathode 
ray wire. 
457 mm 
1 305 mm | 
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Figure 10. Rectangular mesh ionizing electrode enclosure 
The test chamber setup for evaluating the ionizing electrodes with 
a solid-sided or slotted-sided enclosure is shown in Fig. 11. The layout 
of the test chamber for studying the mesh enclosed ionizing electrode is 
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shown in Fig. 12. The test chamber setup Illustrated in Fig. 12 was also 
used for all other laboratory tests. 
1.63 m 
4.88 m 
2.03 m 1.22 m 
7: 
/-Cooled Posilive 
/ Tube Colleclor 
rSompling 
vr' 
Negative 
Ionizing Electrode 
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2.44 m 
Figure 11. Test chamber layout of ionizing electrode and tube collectors 
for studying electrode enclosures with a fan 
Collection system 
Plate collection electrodes have been previously studied at Iowa 
State University (Bundy and Hazen, 1973). Exposed metal plate collectors 
were investigated and the results showed that they are effective in 
collecting charged dust particles, but presented a potential safety 
hazard due to personal shock. In previous laboratory and animal housing 
studies, plate collectors were located along the walls or at one end of 
the room. 
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For an animal housing environment, It was decided that area 
collectors located uniformly In the room would be used to reduce the 
distance between Ionizing electrode and charged collector. For this 
laboratory study, 102 mm (4 In) diameter, 610 mm (24 In) long aluminum 
tube collectors were used to provide maximum exposure with the least 
amount of Interference. Two collection surfaces were Investigated 
uncoated 102 mm (4 In) diameter by 610 mm (24 In) long metal tube 
collector and plastic Insulating coating coated metal tube collector. 
Collection electrode study 
Exposed, positively charged metal collection electrodes present a 
hazard due to shock. Therefore, a thin Insulating coating glued to the 
collector surface to reduce the potential of shock was tested to 
determine its effectiveness. The primary objective of the coatings is to 
reduce the voltage potential between the collector surface and another 
object reducing the danger of shock from contact, while not excessively 
inhibiting collection efficiency. 
A vinyl coating was glued to the surface of the collector. Two 
thicknesses of vinyl coating were investigated--0.125 mm (0.005 in) and 
0.25 mm (0.01 in). The collector surface was cleaned and the vinyl 
coating was glued to the collector surface with a sanding disc adhesive. 
The reduction in voltage potential was measured with a high voltage probe 
connected to ground. The 0.125 mm (0.005 in) thick vinyl coating reduced 
the voltage potential measured on the outside surface 75 percent, but a 
strong shock still occurred when contacted by the investigator. The 0.25 
mm (0.01 in) thick vinyl coating reduced the measured voltage potential 
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almost 100 percent. The voltage potential between the outside surface of 
the collector and ground was not measurable with a high voltage probe. 
When the surface was touched only an occasional, mild shock was 
experienced similar to the shock resulting from walking across an 
insulating carpet and touching a grounded surface. 
1.22 m 
Coated Positive 
Tube Collector 
Negotive Ionizing \ 
Q Electrode with \ 
Mesh Enclosure—  ^
2.44 m 1.22 m 
[ Sompiing Port 
Figure 12. Test chamber layout for studying mesh electrode enclosure and 
collectors 
Collector location In all trials, collectors were suspended 610 
mm (24 in) from the celling and were located 1.22 mm (48 in) from the end 
wall and 610 mm (24 in) from the sldewall. See Fig. 12 for collector 
location. 
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Ion and electron counting 
Efforts were made to quantify the amount of ion production. Two 
methods were attempted. One approach used a small metal grid connected 
to a Triplett ammeter with a measuring scale of 0 to 10 d.c. 
microamperes. One lead of the ammeter was connected to the metal grid 
and the other lead was connected to ground. The metal grid was insulated 
and located in the space being ionized to capture ions in the environment 
and measure the overall current. The current could then be converted to 
represent the number of ions collected. The low magnitude of current 
flow, typically less than 10 microamperes, and static charge interference 
made it difficult to accurately measure the electrons and ions being 
introduced into the test chamber. 
The other method used an ammeter to measure the total current flow 
between the power supply and ion producing electrode. A Triplett ammeter 
with a measuring range of 0 to 10 microamperes was installed in series 
between the power supply output and negative electrode. The current flow 
was measured and recorded. Since the current flow measured was less than 
10 microamperes, small static charge disturbances affected the 
performance of the meter. To reduce the influence of external charges, 
the ammeter was enclosed in a 127 mm x 127 mm x 114 mm (5 in x 5 in x 4.5 
in) plastic box with 76 mm (3 in) of foam insulation surrounding the 
ammeter. One 1.52 m (60 in) long 40 kV cathode ray wire was attached to 
each of the threaded terminal posts on the back of the ammeter. Each 
connection was insulated with high voltage putty and surrounded with foam 
insulation to eliminate sparking between the terminal posts on the 
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ammeter. This method of measuring Ions provided repeatable results 
between trials. However, this measurement method Is sensitive to 
external electrical forces and requires careful Interpretation. Values 
from these measurements were used to make relative comparisons between 
systems rather than absolute measurements of the quantity of Ions 
produced. Measurement of the system current was used to compare 
different voltage settings and electrode and guard configurations. 
Animal Production Unit Experiment 
Prototype tests were conducted In an animal production facility to 
obtain a quantitative estimate of the atmospheric dust removal capability 
of each system. These trials were evaluated to determine the 
effectiveness of the system for dust control under conditions typically 
encountered with conventional management and feeding methods. 
All trials were conducted at the AISI-ISU swine atmospheric 
research building, a laboratory facility for atmospheric and confinement 
housing research. The laboratory is located at the ISU Swine Nutrition 
Station. 
AISI-ISU swine atmospheric research bulldlnp 
The AISI laboratory is a 12.8 m long by 9.14 m wide (42 ft x 30 ft) 
rigid-frame steel building. Exterior siding, roofing. Interior walls, 
and celling surfaces are all ribbed vinyl coated steel panels. All 
exterior and interior walls, celling, and roof panels are insulated. The 
building has two animal chambers, an air-mixing attic chamber, separating 
hallway, and mechanical and work space, Fig. 13. Each animal chamber is 
5.94 m long, 4.36 m wide, and 2.44 m high (19.5 ft x 14.3 ft x 8 ft) with 
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four raised deck nursery pens, each 1.22 m x 2.44 m (4 ft x 8 ft). The 
two rooms are separated by a 3.6 m (12 ft) wide hallway. 
The two animal chambers were set up to be the same. The flooring 
system, manure handling, ventilating system, feeding method, and 
management techniques were maintained the same for comparison of control 
and treatment trials. 
Work Areo 
Hallway 1.22 m 
Room |l Room 111 
4.36 m 3.6 m 4.36 fti 
9.14 m 
Figure 13. Floor plan of ÂISI building with two animal rooms showing pen 
layout and ventilating system 
Animal management 
Before beginning each trial, pigs were uniformly distributed among 
the pens by size. Twelve pigs were put in each pen for a total of 48 
pigs per chamber. The pigs weighed approximately 35 to 40 pounds. All 
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pens were kept full during the entire study. As pigs grew and moved to 
the grower building, they were replaced with similar nursery size pigs. 
Pigs were removed from the building and replaced only between trials. 
During trial 1 with system 2, pigs were larger, about 80 pounds, because 
of space constraints in other buildings. Pigs used for all experiments 
were a cross of Yorkshire, Landrace, Hampshire, and Duroc. 
Building management 
Ventilating and heating Continuous minimum ventilating air 
exchange was maintained by a neutral pressure (push-pull) ventilating 
system. The ventilating system consisted of a rigid 203 mm (8 in) 
diameter positive pressure air distribution duct with 38 mm (1.5 in) 
diameter holes spaced 457 mm (18 in) o.c. The duct was located along the 
center of the building. A 203 mm (8 in) diameter single-speed fan 
located in the end of the duct Introduced the required ventilating air 
into the duct and distributed it in the room. An exhaust fan sized to 
match the duct fan was located in the north wall of the room. These fans 
were sized to provide the minimum continuous ventilating rate of 
approximately 0.071 m^ /s (150 ft^ /mln) required for the room (MWPS-8, 
1983). Ventilating air for chamber #1 was brought directly from outdoors 
through a duct and sldewall opening. Ventilating air for chamber #2 was 
provided through a plenum in the attic space of the building. Adequate 
fresh air exchange was provided to both rooms by the incoming ventilating 
air. 
The inlet and exhaust air fans ran continuously. They were 
controlled with a cold temperature shut-off thermostat set at 15.5 C (60 
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F). The fans were not observed to shut off during the entire experiment. 
A two-speed exhaust fan and baffled Inlet system were provided for warm 
and hot weather ventilation. The warm weather fans were controlled with 
a series of thermostats to provide additional air exchange when needed. 
During the study the additional ventilating capacity was not needed. 
One hot water space heater with fan was provided In each room for 
supplemental heating. These were thermostat controlled to maintain the 
room temperature at 21 C (70 F). The heaters were similarly located at 
the Inlet end of the air distribution tube for better heated air 
distribution. 
Flooring and manure handling A ralsed-deck flooring system was 
used In both animal chambers. The flooring was uncoated, woven wire. 
The pens and floor were sprayed down once a week to remove excess fecal 
material from the corners of the pens and accumulated debris on the 
floor. All wash water and wastes were stored under the raised decks in a 
shallow manure storage until drained to an outdoor single-stage lagoon. 
The manure storage was emptied by gravity by pulling the drain plug and 
allowing the contents to flow out. Typically, the manure storage was 
emptied once every two weeks. 
Feeding method The feeding method was maintained constant 
throughout all trials. All pigs were self-fed. Free-choice, metal, 
fenceline self-feeders were provided In each pen. Feeders were filled by 
hand from 50 gallon tubs when needed. This was typically every 2 to 3 
days. It has been shown that airborne dust levels increase during 
feeding. Similar results were experienced during this study. Therefore, 
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to reduce the dose Impact of Increased dust levels In the air due to 
feeding while sampling, feeders were filled at the end of each day after 
sampling had been completed. 
A com-soybean starter-grower ration was used throughout the 
experiment. The ration was a ground, complete swine ration with 18 
percent protein. The feed was ground through a 9.5 mm (0.375 in) screen. 
No attempt was made to control feed dust by the use of additives. 
Sampling equipment 
One sampling port was used in the dividing wall between each room 
and the dividing hallway about 2.13 m (7 ft) above the hallway floor. 
Plastic surgical tubing, 6.3 mm (1/4 in) in diameter, was used to sample 
the chamber air. The tubing was passed through the sampling port from 
the animal room and connected to a Royco Model 225 Aerosol Particle 
counter. The sample tube inlet was located 1.07 m (42 in) above the 
woven wire floor and 1.82 m (72 in) into the room over the animal pens. 
Chamber air was sampled at 0.0047 L/s (0.01 cfm). 
Particle counting A Royco Model 225 Aerosol Particle counter 
was used to measure the dust concentration in each.animal room, Fig. 14. 
The Royco particle counter is an instrument for counting particle 
concentrations in a gaseous media. The counter is capable of counting 
particles of 0.5 micron diameter and larger in concentrations up to 
3,500,000,000 partlcles/m® (100,000,000 particles/ft^ ) (Royco, 1977). 
The Royco Model 225 Aerosol Particle Counter samples air at 0.0047 
L/s (0.01 cfm) or 0.047 L/s (0.1 cfm). A sampling rate of 0.0047 L/s 
(0.01 cfm) was used throughout the entire animal housing study. At 
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0.0047 L/s (0.01 cfm) with a 6.3 mm (1/4 in) diameter sample tube the 
sample velocity is 0.15 m/s (0.5 ft/s). According to Royco's 
specifications (1977), sampling is effective for particles up to 10 
microns in diameter. 
The Model 225 has five channel settings for sampling and counting 
particles. For this study, the counting thresholds for each channel were 
set at 0.5, 1.0, 2.0, 5.0, and 10.0 microns, respectively. The particle 
counter is capable of counting the number of particles above a certain 
threshold level or the number of particles between two channel thresholds 
(Royco, 1975). For this study, particle count data were recorded as 
particle numbers between two threshold levels. The ranges recorded were 
0.5 up to 1.0 micron, 1.0 up to 2.0 micron, 2.0 up to 5.0 micron, 5.0 up 
to 10.0 micron, and greater than 10.0 micron. 
Filter samples A three-piece Mllllpore filter holder was used 
with a 47 mm (1.8 in) MSI Micronsep cellulosic membrane filter with 0.8 
micron pores for volumetric dust sampling. Chamber air was drawn through 
the filter at 0.167 L/s (0.4 ft^ /mln) for 60 minutes by a Dayton 
"Speedalre" 186 W (1/4 hp) portable vacuum pump. The vacuum pump and 
three-piece filter holder are shown in Fig. 15. A Mettler AC 100 
analytical balance with 0.1 mg resolution was used for weighing the 
filters before and after sampling. 
Before sampling, each filter was kept for at least 24 hours in a 
desiccator to equalize the moisture content. Its initial weight was 
determined before sampling. After sampling, each filter was dried in the 
desiccator for 24 hours and weighed to determine its final weight. 
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Animal room Ionization 
The air In each animal room was ionized using negatively charged 
wire electrodes located about 1.68 m (66 in) above the floor of the pens 
and Just above the air outlet holes of the positive pressure duct. The 
charging potential was supplied by a 115 V, single-phase a.c. electrical 
service transformed by an a.c. to d.c converter to approximately 22 kV. 
The high potential ionizing electrodes were located uniformly in a 
rectangular grid over the pens. Exact ionizing electrode location is 
described in detail under the discussion of system types. 
Charged collector surfaces were located uniformly over the pens in 
the animal room with respect to the Ionizing electrodes. In System 1 the 
collectors were located between the ionizing electrodes. Collectors used 
with Systems 2 and 3 were located below and parallel with the ionization 
electrodes. Consideration was given to the effect ionizing electrode and 
collection plate location would have on normal movement and management 
activities in the building. See discussion of individual systems for 
detailed locations and configurations. 
Discharge electrode 
The ionizing electrodes used for this study were made from 4/0, 
0.15 mm (0.006 in) diameter piano wire attached to a plexiglass support 
to maintain tension on the wire. A 305 mm (12 in) long, 38 mm (1.5 in) 
wide, 6.3 mm (0.25 in) thick U-shaped plexiglass frame was used to make 
the electrode support frame because it is a good insulating material. 
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Figure 14. Royco model 225 aerosol particle counter 
Figure 15. Dayton "Speedalre" vacuum pump and three-piece Mllllpore 
filter holder 
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The wire electrodes were soldered to 40 kV cathode ray wire and connected 
to the negative high voltage power supply. The d.c. power supply 
maintained a negative voltage potential of about 22 kV with respect to 
ground on each electrode when measured with a high voltage probe. 
Because the discharge electrodes are maintained at a high voltage 
potential, a safety guard or shield is required to guard against 
accidental contact without severely inhibiting the ion flow from around 
the wire. A high-density plastic mesh with 32 mm x 76 mm (1.25 in x 3 
in) openings and 12.5 mm ( 0.5 in) wide webs between openings. The 
opening size on the electrode enclosure was enlarged to 76 mm x 76 mm (3 
in X 3 in) openings to improve the voltage potential between the ionizing 
electrode and collector surface and Improve ion distribution. The 
plastic mesh was mounted to the plexiglass frame with plastic ties. 
Initially, a 305 mm x 457 mm x 178 mm (12 in x 18 in x 7 in) rectangular 
frame was used as the protective housing to allow enough neutral space 
between the wire and exterior of the frame so that contact with the mesh 
would not create a shock or spark-over, Fig. 16. In a later ionization 
system, the protective electrode enclosure was streamlined to a 
cylindrical shape along the length of the wire. To make the electrode 
enclosure, 25 mm (1 in) thick, 150 mm (6 in) diameter PVC pipe rings were 
cut and used as the end pieces of the frame. Two PVC pipe rings were 
connected with a 360 mm x 25 mm x 6.4 mm (14 in x 1 in x 1/4 in) piece of 
plexiglass to form the frame to hold the plastic mesh. The back piece of 
the negative wire electrode frame was attached to the PVC pipe rings. 
The negative wire electrode frame was a U-shaped plexiglass frame that 
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was 305 mm (12 In) long, 38 mm (1.5 In) wide, and 6.3 mm (0.25 In) thick. 
A plastic mesh with 32 mm x 76 mm (1.25 In x 3 In) openings and 12.5 mm ( 
0.5 in) wide webs between openings was wrapped around the frame and 
attached with plastic strap connectors. The openings on the bottom half 
of the cylindrical enclosure were enlarged to 76 mm x 76 mm (3 In x 3 in) 
openings to Increase the voltage potential between the ionizing electrode 
and collector surface to increase the corona current and particle 
charging. This negative electrode enclosure was a 153 mm (6 in) 
diameter, 356 mm (14 in) long cylinder shaped frame wrapped with the 
plastic mesh, providing at least 76 mm (3 in) of neutral space between 
the mesh and the discharge electrode, Figs. 17 and 18. The primary 
objective is to prevent direct contact with the electrode. A completely 
solid enclosure around the electrode is not practical because the 
electric field and ion flow are significantly reduced. Therefore, a 
plastic mesh was selected as suitable electrode enclosure to prevent 
direct contact with the wire electrode. 
All electrical connections were trimmed, insulated with high 
voltage putty, and taped to reduce corona discharge and current drain 
from the system. 
Figure 16. Rectangular mesh electrode enclosure used with system 1 
Figure 17. Cylindrical shaped mesh ionizing electrode enclosure used 
with system 2 and system 3 
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Figure 18. Cylindrical shaped ionizing electrode guard 
Collection electrode 
Two types of collection electrodes were used in this study. 
Aluminum tubes, 102 mm (4 in) diameter and 610 mm (24 in) long, were 
coated with a 0.25 mm (0.01 in) thick plastic insulating coating to 
reduce shock when contacted. 
Semi-circular trough collectors were also investigated. Poly­
vinyl -chloride (PVC) air duct, 254 mm (10 in) diameter, was cut in half 
along the long axis to form a trough. Aluminum sheets 305 mm (12 in) 
wide and the length of the duct were formed and attached to the inside of 
the duct with plastic bolts. The PVC air duct provided support for the 
aluminum collection surface, insulated the charged aluminum plate on the 
bottom side, and provided storage capacity for collected dust. An 
insulating coating was not applied to the top surface of the collection 
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plate because it would reduce the voltage potential at the plate surface 
reducing collection ability. The semi-circular shape of the trough and 
collection plate provides some protection from accidental contact with 
the collector. The charged plate is located inside the tubing and the 
edges of the aluminum sheet are recessed at least 25.4 mm (1 in) from the 
edge of the duct to reducing the chance of contact, Fig. 19. 
The collection surface was connected to a positive power supply and 
maintained at a high voltage potential with respect to ground of about 16 
kV. 
Power sudpIv 
The power supplies use typical 115 V, single-phase a.c. electrical 
service. The power supplies use rectifiers to convert the a.c. input 
current to a high voltage d.c. current. Two power supplies were used 
during the study. A negative power supply, rated at 24 kV with respect 
to ground, was used to charge the corona generating electrodes and a 
positive power supply, rated at 18 kV with respect to ground, was used to 
charge the receiving electrode or collection plates. The maximum 
nameplate current rating for each power supply was 0.5 amperes. 
Experimental measurement of the current flow with the power supply 
connected to ground resulted in a current flow between 4.3 mllllamperes 
and 8.2 mllllamperes. The discharge and receiving electrodes were 
connected to the power supply with 40 kV cathode ray wire. The negative 
and positive voltage power supplies used in the animal experiment are 
shown In Fig. 20. 
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Figure 19. Trough-plate collector used with system 2 and system 3 
T' ' 'iy ' »«. f. 
AfKB 
Figure 20. Negative and positive high voltage power supplies. Negative 
power supply rated at 24 kV and positive power supply rated 
at 18 kV 
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Data collection procedure 
Animal chamber dust levels were measured 1.07 m (42 In) above the 
pen floor and 1.83 m (72 In) from the interior sldewall over the animal 
pens near the center of the room. Sampling tubes, 6.3 mm (0.25 In) 
surgical tubing, were inserted through the wall from the dividing hallway 
into the room. Monitoring and counting equipment was kept in the hallway 
and connected to the sampling tube. Since entry into the room by a 
person disturbs the normal activity of the animals, all sampling was 
taken from the hallway. 
A sampling port through the wall between the hallway and animal 
room was installed for the filter paper holders used in volumetric mass 
sampling. The vacuum pump and timer were located in the dividing hallway 
to reduce disturbances in the animal room. 
Ionization dust control systems 
Three different ionization dust control systems were investigated 
in the animal confinement rooms. System 1 is the prototype design 
developed based on results from the laboratory study. This system 
includes 4 wire electrodes with 457 mm x 178 mm x 305 mm (18 in x 7 in x 
12 in) rectangular plastic mesh enclosures. The ionizing electrodes were 
located over the animal pens, 2.44 m (8 ft) apart, centered over the 
second and fourth pen partition. The ionization electrodes were located 
1.29 m (50 in) from one wall and 1.85 m (73 in) from the other wall with 
1.22 m (48 in) between electrodes. The ionizing electrodes were located 
1.67 m above the pen floor. Nlne-102 mm (4 in) diameter, 610 mm (24 in) 
long, coated, aluminum tube collectors were used. Tube collectors were 
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located over the pen partitions to reduce any Interference with normal 
movement patterns. Three collectors were located over the first, third, 
and fifth partition 1.22 m apart. Figs. 21 and 22 show the location and 
configuration of the Ionizing electrodes and collectors that make up 
system 1. System 1 was Installed and tested In room 1 of the AISI 
building. 
The experience with system 1 prompted some modifications which 
resulted the designs for systems 2 and 3. The same wire electrode was 
used for systems 2 and 3 as was used for system 1, but the mesh enclosure 
was simplified to a cylindrical shape oriented along the length of the 
wire. Because the collectors used In system 1 were difficult to clean, 
the collectors were modified. Trough-plate collectors were used In the 
configuration of both systems 2 and 3. The same negative Ionizing 
electrode and collector configuration were used for both systems 2 and 3, 
but the location in the room differed. 
System 2 Includes 10 wire electrodes with 153 mm (6 in) diameter, 
356 mm (14 in) long cylindrical plastic mesh guards. Five 1.83 m (72 in) 
long, 0.25 m (10 in) diameter semi-circular trough-plate collectors were 
used. No insulating coating was applied to the collector surface. The 
ionizing electrodes were located directly over trough collectors. Two 
ionizing electrodes and one trough-plate collector were located over each 
animal pen partition. The ionization electrodes were located on either 
side of the positive pressure ventilation duct 0.92 m (36 in) apart. 
Typically, Individual electrode/collector combinations were 1.22 m (48 
in) o.c. The ionizing electrodes were located 0.61 m (24 in) above the 
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Figure 21. Layout and location of negative high voltage ionizing 
electrodes and coated positive high voltage tube collectors 
in AISI room 1 (System 1) 
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trough-plate collector. Figs. 23 and 24 show the location and 
configuration of the Ionizing electrodes and collectors that make up 
system 2. System 2 was Installed and tested in room 2 of the AISI 
building. 
System 3 includes 10 wire electrodes with 153 mm (6 in) diameter, 
356 nun (14 in) long cylindrical plastic mesh guards. Four 1.83 m (72 in) 
long, 0.25 m (10 in) diameter semi-circular trough-plate collectors were 
used. The trough-plate collectors were located parallel to the positive 
pressure ventilation duct above the animal pen partitions. The 
collectors were on either side of the ventilation duct 1.32 m (52 in) 
apart. One collector was 1.3 m (51 in) from the sldewall and the other 
collector was 1.74 m (68 in) from the other sldewall. The ionizing 
electrodes were located directly above trough collectors. The ionizing 
electrodes were also located on either side of the positive pressure 
ventilation duct 1.32 m (52 in) apart. The ionizing electrodes were 
located 0.61 m (24 in) above the trough-plate collector. Figs. 25 and 26 
show the location and configuration of the ionizing electrodes and 
collectors that make up system 3. System 3 was installed and tested in 
room 1 of the AISI building. 
Collector cleaning 
A canister vacuum was used to clean the dust build-up on the 
collector surfaces. The tube and trough-plate collectors were cleaned by 
hand every day. A brush attachment was used to loosen the dust and pull 
it into the vacuum hose. Electric power to the collectors was shut off 
during cleaning and turned back on after cleaning was completed. 
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The tube collectors were difficult to handle and clean efficiently. 
Not all dust that was collected could be knocked loose and captured by 
the vacuum hose. This resulted In some of the dust being re-entrained 
Into the environment reducing the overall removal efficiency. Difficulty 
cleaning the collectors prompted the development of the trough-plate 
collector. 
The trough-plate collector was easier to handle and clean because 
It acted as a collection hopper once the dust was dislodged from the 
collector surface. The trough-plate collectors could also accumulate 
more dust between cleanings because of the horizontal orientation and 
semi-circular shape. 
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Figure 22. AISI room 1 with wire Ionizing electrode, rectangular mesh 
enclosure, and coated tube collectors Installed (System 1) 
Figure 23. AISI room 2 with wire Ionizing electrode, cylindrical mesh 
enclosure, and trough-plate collectors Installed (System 2) 
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Figure 24. Layout and location of negative high voltage ionizing 
electrodes and positive high voltage trough-plate collectors 
in AISl room 2 (System 2) 
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Figure 25. AISI room 1 with wire Ionizing electrode, cylindrical mesh 
electrode guard, and trough-plate collectors Installed 
(System 3) 
0.25 m 
1.30 m I 1.32 m , 1.74 m Trough Plate pNegalive Ionizing 
Coilector-i \ Electrode 
<a. .m . 
1L= 
Figure 26. Layout and location of negative high voltage ionizing 
electrodes and positive high voltage trough plate collectors 
in AISI room 1 (System 3) 
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RESULTS AND DISCUSSION 
Laboratory Experiment 
In the laboratory study two negative electrodes, four types of 
negative electrode enclosures, and two collectors were Investigated. The 
different test parameters and combinations Investigated are listed in Table 
1. Individual test numbers are referred to in other tables. Dust 
concentration measurements over time were taken to determine the dust decay 
rate as it was affected by different ionization system setups. Development 
of a suitable prototype in the laboratory was based on experience from 
previous prototypes. The laboratory study began by testing an original 
prototype setup. The results from that study were used to make 
modifications to the system for further testing. The results of all 
prototype setups Investigated are presented here. 
Analyzing a plotted curve of the dust concentration in the test 
chamber versus time suggested that the decay rate followed an exponential 
curve. Therefore to compare each system, a logarithmic transformation of 
the sample data was performed and a least squares fit of the equation 
log(N) - bg + (b^  X time) was determined for each particle size Interval. 
The variable N represents the particle count concentration or number of 
particles in the environment at a particular point in time. The 
coefficient bg is the log of the initial concentration of particles and 
is the slope of the curve which represents the rate of decay or removal of 
particles from the atmosphere. The particle size intervals used were 0.5 
up to 1.0 microns (0.5-1.0), 1.0 up to 2.0 microns (1.0-2.0), 2.0 up to 5.0 
microns (2.0-5.0), 5.0 up to 10.0 microns (5.0-10.0), and 10.0 microns and 
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greater (>10.0). The correlation coefficient, R-square, was close to unity 
for all trials, except the trials with no ionization and the solid-sided 
negative electrode housing, indicating that the decay rates are closely 
Table 1. Description of test conditions and parameters 
Test No. 
(#) Description 
No Ionization 
1 Test chamber with no electrode, no fan, no positive 
collector 
Negative electrode 
2 Needlepoint electrode, no enclosure, no fan, 
uncoated positive tubular collector 
3 Wire electrode, no enclosure, no fan, uncoated 
positive tubular collector 
Dilution 
4 No ionizing electrode, no positive collector, 0.052 
m®/s (110 ft'/nln) fan 
Negative electrode enclosure 
5 Wire electrode, solid-sided enclosure with 
distribution duct, 0.052 m^ /s fan, uncoated positive 
tubular collector 
6 Wire electrode, solid-sided enclosure, 0.052 m^ /s 
fan, uncoated positive tubular collector 
7 Wire electrode, slotted-sided enclosure, 0,052 m^ /s 
fan, uncoated positive tubular collector 
8 Wire electrode, 58% open mesh, no fan, uncoated 
positive tubular collector 
Collector 
9 Wire electrode, 58% open mesh, no fan, uncoated 
positive tubular collector 
10 Wire electrode, 58% open mesh enclosure, no fan, 
coated positive tubular collector 
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approximated by the least squares fit. The slope of the curve, , was 
used to represent the decay rate of dust concentration and make comparisons 
between systems. Values of the coefficients, bg and b^ , and R-square for 
the least squares fit line of the equation log(N) - bg + (b^  x time) are 
reported in Table 2. 
Collected data were analyzed using a t-test (Neter and Wasserman, 
1974; Ostle, 1974) to determine the level of significance between test 
conditions. Table 3 compares each test setup investigated and its level of 
significance for each range of particle sizes. The system listed first in 
the left column has a higher dust decay rate at the level of significance 
listed in the other columns of the table. All systems investigated 
resulted in a dust decay rate that was significantly higher when compared 
with no ionization dust control (test 1). The wire electrode with no 
enclosure, slotted-sided enclosure, and mesh enclosure had the highest 
level of significance across all particle sizes at p<0.0005. The solid-
sided electrode enclosure with distribution duct had the lowest level of 
significance for particles less than 2.0 micron. The level of significance 
increases as the particle size increases for the solid-sided enclosure with 
distribution duct. The dust decay rate for a needlepoint electrode without 
enclosure was also significantly higher than the dust decay rate without 
ionization at p<0.005 for all particle sizes except particles 5.0 to 10.0 
micron (p<0.01). 
A series of trials were conducted with no ionization electrodes or 
collector surfaces and a 0.052 m^ /s (110 ft^ /min) fan mounted in the 
sidewall forcing air into the chamber. The same size fan was used with the 
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Table 2. The effect of negative electrode type, electrode enclosure, and 
positive collector on the decay rate of dust expressed as 
coefficients of the equation log(N) - bg + (b^  x time) 
T e s t * N u m b e r P a r t i c l e  
Number of Trials 
(#) (#) 0.5-1.0 1.0-2.0 
size, micron 
2.0-5.0 5.0-10 >10.0 
R-square 
? R-square 
i R-square 
R-square 
R-square 
R-square 
? R-square 
R-square 
R-square 
i R-square 
6 7.4 
-0.0026 
0.619 
3 6.8 
-0.0423 
0.866 
9 7.6 
-0.0385 
0.962 
3 7.6 
-0.0097 
0.990 
3 7.5 
-0.0192 
0,967 
3 6.9 
-0.0303 
0.608 
7 7.3 
-0.0409 
0.921 
8 
10 
7.6 
-0.0378 
0.953 
7.5 
-0.0450 
0.961 
7.5 
-0.0319 
0.981 
7.9 8.3 8.1 7.4 
-0.0029 -0.0033 -0.0060 -0.0112 
0.620 0.653 0.648 0.467 
7.5 8.0 7.6 6.8 
-0.0449 -0.0472 -0.0567 -0.0631 
0.885 0.864 0.829 0.795 
8.2 8.8 8.6 7.8 
-0.0382 -0.0407 -0.0519 -0.0691 
0.967 0.938 0,939 0.924 
8.2 8.8 8.7 8.2 
-0.0103 -0.0123 -0.0209 -0.0332 
0.994 0.998 0.995 0.996 
8.1 8.7 8.6 8.0 
-0.0201 -0.0231 -0.0333 -0.0474 
0.976 0,980 0.976 0.977 
7.6 8.2 7.9 7.0 
-0.0370 -0.0444 -0.0531 -0.0628 
0.686 0.719 0,668 0.616 
7.9 8.5 8.3 7.6 
-0.0436 -0.0519 -0.0678 -0.0865 
0.939 0.950 0,946 0.937 
8.3 8.8 8,5 7.5 
-0.0398 -0.0442 -0.0548 -0,0684 
0.969 0.962 0,950 0.926 
8.2 8.8 8.5 7,9 
-0.0445 -0.0468 -0,0566 -0.0742 
0.966 0,923 0.943 0.943 
8.2 8.8 8.5 7,6 
-0.0310 -0.0342 -0.0462 -0.0604 
0.988 0.986 0.977 0.894 
'Test number described in Table 1. 
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negative electrode enclosures with fans. These trials were used to compare 
the effect of a dilution fan with ionization and a dilution fan without 
ionization electrodes and collector surfaces. 
Comparing the dust decay rate between the trials with a dilution fan 
and no ionization it can be seen that the fan dust decay rate is 
significantly higher for all size particles. The decay rate for particles 
less than 1.0 micron and greater than 5.0 micron was most significant at 
p<0.005. The level of significance is lower for particles between 1.0 and 
5.0 micron in diameter. This comparison is shown graphically in Fig, 27. 
For graphical comparison of systems, plots of the equation log(N) -
bg + (b^  X time) for the particle size range 1.0 to 2.0 micron are used. 
This particle size range was selected because particles less than 2.0 
micron are of primary concern and are most likely to be retained in the 
lungs and are considered damaging to the lungs. These plots represent the 
different performance characteristics of each system or test configuration 
investigated as measured by dust decay rate. 
From the results in Table 2 for the slope of the least square curve, 
b^ , it can be seen that the slope of the curve Increases with particle 
size. This Indicates that as particle size Increases the decay rate 
Increases and particles are removed faster. Therefore, the particles 
greater than 2.0 microns will be removed faster than the particles less 
than 2.0 microns. This trend is consistent for all test conditions 
Investigated. 
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Figure 27. Comparison by least square curves of the dust decay rate in the 
test chamber for no ionization and a 0.052 n?/s (110 ft^ /min) 
dilution fan 
The relationship between the dust decay rate for an ionization 
electrode and the dust decay rate without ionization is illustrated in Fig. 
28. Fig. 28 shows that both needlepoint electrodes and wire electrodes 
without an enclosure result in a dust decay rate significantly higher than 
without ionization. 
The size and shape of the negative electrode can affect the 
ionization potential and ion producing capacity of the electrode (Oglesby 
and Nichols, 1978). Six individual needlepoint electrodes and a 305 mm (12 
in) long small diameter wire electrode with no enclosure were compared. As 
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shown In Table 3 comparing tests 2 and 3, no significant difference In dust 
decay rate was observed as measured by dust removal. The relationship • 
between the dust decay rate for both electrodes Is Illustrated In Fig. 28. 
It can be seen that there Is no significant difference In dust decay rates 
for either electrode configuration. A single 305 mm (12 In) long wire 
electrode located In the center of the chamber performs similarly 
Table 3. Statistical comparison of laboratory tests. N - no significant 
difference, T - significant difference at p<0.20, U - difference 
at p<0.10, V - difference at p<0.05, U - difference at p<0.025, 
X - difference at p<0.01, Y - difference at p<0.005, Z •> 
difference at p<0.0005 
Test Numbers* 
Compared 
Particle size. micron 
0.5-1.0 1.0-2.0 2 .0-5.0 5.0-10.0 >10.0 
2-1 Y Y Y X Y 
3-1 Z Z Z Z Z 
4-1 Y W X Y Y 
5-1 W w X Y Y 
6-1 z z z Z Y 
.7-1 z z z Z Z 
8-1 z z z Z Z 
2-3 N N N N N 
3-8 N N N N N 
5-4 T T T T T 
6-4 Y Y Y W U 
7-4 X X X W W 
6-5 T u u T N 
7-5 W w w W W 
7-6 U N N T T 
7-8 N N T U U 
8-5 U W W W V 
8-6 T N N N N 
9-10 Y Y Y Y U 
'Test numbers described in Table 1. Test numbers listed first results 
in more significant dust decay rate. 
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Figure 28. Comparison by least square curves of the dust decay rate for no 
Ionization, exposed needlepoint electrode, and exposed wire 
electrode 
to six needlepoint electrodes located uniformly in two rows inside the 
chamber. Because there was no significant difference and the wire 
electrodes were easier to handle and maintain, wire electrodes were used in 
the rest of the study. 
Because of the potential shock hazard from the high voltage negative 
electrodes, protective enclosures were Investigated. Four different types 
of housing configurations were used. All housings were made of similar 
materials, either plexiglass or a high-density plastic so they would not 
carry a charge. The effect of the housing on the dust decay rate was 
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Figure 29. Comparison by least square curves of dust decay between no 
Ionization and different negative electrode housings 
measured. The difference In dust decay rate for different protective 
enclosures is shown in Fig. 29. It can be seen that all system 
configurations result in a dust decay rate higher than without ionization 
dust control. 
Three of the ionizing electrode enclosures Included a 0.052 m^ /s (110 
ft^ /min) fan which forced outside air across the electrode into the 
chamber. The differences in dust decay rate for a fan without ionization 
and a fan with ionization are statistically compared in Table 3 and shown 
graphically in Fig. 30. From Table 3, all ionizing systems with a fan 
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(tests 5, 6, and 7) were significantly different than for a fan without 
ionization (test 4). The ionization system with a solid-sided enclosure 
and distribution duct had the least significant difference, indicating that 
this system performs similar to a dilution fan alone. The solid-sided and 
slotted-sided enclosures had similar differences in dust decay rates when 
compared to the dilution fan as is shown in Fig. 30. 
The comparison of all four housing types is shown in Table 3. 
Compared with the solid-sided enclosure with distribution duct all housing 
types had a higher dust decay rate. The difference between the solid-sided 
enclosure and slotted-sided and mesh enclosure had the highest level of 
significance at p<0.025 for all particle sizes except for particles greater 
than 10 micron with the mesh enclosure (p<0.05). The level of significance 
between the solid-sided enclosure (test 6) and the other enclosures 
investigated was lower with no significant difference for particles between 
1.0 to 5.0 microns for the slotted-sided enclosure and particles greater 
than 1.0 micron for the mesh enclosure. Comparing the slotted-sided and 
mesh enclosures, no significant difference was noted for particles less 
than 2.0 micron, indicating that both systems remove smaller particles at 
about the same rate. The dust decay rate with the slotted-sided enclosure 
for particles greater than 2.0 microns was significantly higher than the 
mesh. 
The difference in dust decay rates between housing types Is 
graphically shown in Fig. 31. Plots for the particle size range 1.0 to 2.0 
micron are used for comparison. Fig. 31 shows that decay rate for the 
slotted-sided and mesh enclosure are highest and are about the same. This 
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Figure 30. Comparison by least square curves of the dust decay rate 
between a 0.052 m^ /s (110 ft^ /mln) dilution fan without 
Ionization and Ionization and dust removal Ionization systems 
with a fan 
suggests that any protective enclosure should provide the largest amount of 
opening area possible to maximize the dust decay rate. This hypothesis is 
further supported by the lower dust decay rate associated with the solid-
sided enclosure with distribution duct. The initiation of corona discharge 
is dependent on the strength of the electric field around the negative 
electrode. A solid-sided enclosure acts to shield and insulate the 
electrode reducing the electric field causing fewer electrons to be 
generated as indicated by a reduced decay rate. 
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Figure 31. Comparison by least square curves of the dust decay rate 
between different negative electrode protective enclosures 
The slotted-sided enclosure with a fan and the mesh enclosure have 
similar dust decay rates as represented by the slope of the least square 
curve, b^ . The value of b^  for all particle sizes Is shown In Table 2 and 
comparison of the curves for 1.0 to 2.0 micron diameter particles Is shown 
In Fig. 31. Since similar performance Is achieved with both systems and 
there Is no significant difference In decay rate for particles less than 
2.0 micron, a mesh enclosure was selected for the final laboratory 
prototype. The wire electrode with mesh enclosure was compared to a wire 
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electrode with no protective enclosure and It was determined that there was 
no significant difference In dust decay rate achieved by either electrode 
configuration. The exposed wire electrode and plastic mesh enclosed wire 
electrode are compared In Fig. 32. 
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Figure 32. Comparison by least square curves of dust decay rate between 
exposed wire electrode and wire electrode with plastic mesh 
enclosure 
Electrostatic precipitation uses corona discharge to charge dust 
particles that are then attracted and accumulate as a dust layer on a 
collector plate. The principle that opposite electrical charges are 
attracted to each other is used to attract and collect particles on to a 
collection surface. Two collector surfaces were Investigated in the test 
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chamber. For an animal room environment It was decided that area 
collectors located uniformly In the room would be used to reduce the 
distance between the negative electrode and positive collector. A tube 
shape was used to provide maximum exposure with the least amount of 
Interference. Potential shock hazard from the high voltage positive 
collector surface requires some consideration. In an attempt to reduce the 
shock hazard, an Insulating covering was used on the collector surface. 
The two collector types were compared using the dust decay rate determined 
from the least squares fit line. A statistical comparison of the two 
collectors Is shown In Table 3 and the relationship between decay rates is 
shown In Fig. 33. The least squares fit line for the particle size range 
1.0 to 2.0 micron was plotted for comparison. 
The difference between the uncoated tube collector and coated tube 
collector dust decay rate Is shown In Fig. 33. The decay rate for the 
uncoated collector surface Is higher than with the Insulating coating. The 
insulating coating reduces the dust decay rate about 24%. A lower dust 
decay rate is expected due to the effect of the insulating coating. From 
Table 3, the dust decay rate for the uncoated collector is significantly 
different at a level of significance of p<0.005 indicating that the coating 
does affect the collection ability of the collector. The reduction in dust 
removal rate is accepted in the prototype design as the cost of reducing 
potential hazard of shock. To compensate for the reduction in removal rate 
the number of collectors or total collector area could be increased. 
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Figure 33. Comparison by least square curves of dust decay rate for 
uncoated and coated collectors 
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The total current flow between the power supply and the negative 
ionization electrode was measured with a Triplett ammeter with a measuring 
range of 0 to 10 microamperes to compare the effect of electrode enclosure 
on electron production. Current flow for a negative Ionization wire 
electrode with each electrode enclosure was measured. Percent reduction in 
current flow was calculated for each enclosure type using the wire 
electrode with no enclosure as the standard. The results of these 
comparisons are shown in Table 4. The solid-sided electrode enclosure 
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showed the most significant reduction in electron flow with a 88.5% 
reduction in current flow. The mesh enclosure showed the lowest effect on 
electron production as measured by current flow with a 20.6% percent 
reduction in current flow. Similar results were collected with the 
slotted-sided enclosure. These results further support the particle count 
results indicating that the electrode housing affects the level of 
ionization. Solid-sided enclosures isolate the electrode causing the net 
ion production to be reduced. Therefore, protective enclosures should 
provide the maximum amount of opening while still preventing direct contact 
with the high voltage electrode. 
Table 4. Comparison of measured current flow for different negative 
electrode enclosures 
Number Average Percent 
Enclosure of Trial Current Flow Reduction 
Type (#) (microampere) (%) 
No enclosure 5 10.7 " — — 
Solid-sided enclosure 5 1.2 88.5 
Slotted-sided enclosure 5 7.6 28.4 
Mesh enclosure 5 8.5 20.6 
Percent dust removal 
The initial dust concentration in the test chamber was measured 
before each trial. Particle count data was taken every minute for 40 
minutes while ionization equipment was operating. The percent reduction 
for each test condition was calculated using the initial concentration and 
final dust concentration after 40 minutes. Table 5 shows the percent 
reduction for each test. Values are Included for each range of particle 
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sizes and all particles measured. The percent reduction of all particles 
greater than 0.5 micron in size is shown graphically in Fig. 34. A 
reduction of 59.4% for all dust particles counted resulted in the trial 
with no ionization. The reduction is primarily due to settling with the 
larger particles settling out faster than the smaller particles. Seventy-
two percent of all particles greater than 10 microns settled out in 40 
minutes. The percentage reduces as particle size reduces, with only 52% of 
the particles between 0.5 and 1.0 microns settling out In the 40 minute 
sampling period. 
Table 5. Percent reduction of dust level in laboratory tests after 40 
minutes 
Test' 
Number 
Number 
of Trials 
Particle size, , micron 
0.5-1.0 1.0-2.0 2.0-5.0 5 .0-10.0 >10.0 >0.5 
(%) 
1 6 52.0 55.2 56.9 65.0 72.8 59.4 
2 3 98.6 98.0 97.8 98.9 99.9 98.5 
3 9 96.7 96.1 96.7 99.1 99.9 98.0 
4 3 55.3 55.0 59.0 79.2 92.1 69.4 
5 3 66.2 65.7 62.0 78.9 94.2 73.6 
6 3 95.4 97.1 98.2 99.2 99.6 98.5 , 
7 7 93.3 96.2 98.0 99.4 99.8 98.3 
8 8 95.6 96.3 97.6 99.1 99.7 97.9 
9 6 98.0 97.8 98.1 99.3 99.9 98.7 
10 9 93.9 93.1 94.2 98.1 98.6 95.9 
"Test numbers described In Table 1. 
Percent dust removal by fan dilution without Ionization was similar 
to the settling trial for particles less than 5.0 micron in size. The 
percent reduction varied between 55% and 59% for this particle size range. 
Particles greater than 5.0 micron were removed at a higher rate with 79% of 
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particles between 5.0 and 10.0 microns being removed and 92% of particles 
greater than 10.0 micron were removed. The overall dust reduction for all 
particles with dilution was 69%. Comparing fan dilution with the other 
test conditions, no Ionization and no fan removed less dust, the solld-
slded electrode enclosure with distribution duct was similar with 73.6% 
removal, and all other Ionization systems had removal rates greater than 
95%. The relationship between percent removal for each test Is shown 
graphically In Fig. 34 for all particles greater than 0.5 micron. 
All test systems and conditions resulted In a significant reduction 
In the total particle count as shown In Fig. 34, except the solid-sided 
electrode enclosure with a distribution duct. Comparing the two types of 
electrodes represented by the results of test 2 and 3, the needlepoints did 
slightly better than the wire with a total reduction of 98.5%. Throe of 
the four housings were very similar with dust removal values for the solid-
sided enclosure, slotted-slded enclosure,and mesh enclosure of 98,5%, 
98.3%, and 97.9%, respectively. The solid-sided enclosure with 
distribution duct was the lowest of all tests with only a 73.6% reduction 
in all particles. Generally, the percent removal increases as the 
particle size increases. 
Comparing the difference between an uncoated collector and coated 
collector, the uncoated collector had a percent reduction of 98.7% which is 
only 3% higher than the 95.9% reduction for the coated collector. 
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Figure 34. Percent reduction of dust concentration after 40 minutes for 
all laboratory tests. Test numbers refer to Table 1 
The percent reduction results show that all dust removal systems 
Investigated are capable of removing a significant amount of all size dust 
particles Introduced Into the test chamber from a single dose of 
particulates. In an animal confinement building, dust Is generated at a 
continual rate requiring constant removal. Therefore, for a more accurate 
evaluation and application of Individual ionization dust control systems to 
an animal environment the calculated decay rate based on the least squares 
fit line was used for comparison. 
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Negative and positive electrode voltage 
The ionizing electrode voltage must be high enough to create a corona 
discharge and maintain a flow of ions sufficient to attach to the dust 
particles. The negative and positive voltage was varied at different 
percentages of full voltage to compare the effect on the dust decay rate. 
The maximum attainable voltage for this study was limited by the available 
power supplies. A negative voltage potential of 22 kV and a positive 
voltage potential of 16 kV was used. Combinations of 100%, 80%, and 60% 
were studied. Negative voltage settings were 22 kV, 18 kV, and 13 kV. 
Positive voltage settings were 16 kV, 13 kV, and 10 kV. 
Collected data was evaluated using a logarithmic transformation and 
least squares fit of the equation log(N) - bg + (b^  x time). The variable 
N is the number of particles counted in the air sample. Coefficient bg Is 
the initial concentration of dust particles at time zero and b^  is the 
slope of the least square fit curve. The slope of the least square fit 
line was used to compare the differences. The coefficients of the least 
squares fit line are reported in Table 6. The data for each particle size 
range was analyzed using a t-test (Neter and Wasserman, 1974; Ostle, 1974) 
to determine the level of significance between trials at different voltage 
settings. The statistical comparison is summarized in Table 7. The lowest 
level of significance for particles less than 2.0 micron in diameter are 
reported in the comparison since particles less than 2.0 microns are of 
most concern (ASHRAE, 1981). Statistical comparison for all particle size 
ranges is Included in the Appendix. 
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The combinations of voltage settings are numbered and listed down the 
left column and the corresponding numbers are listed across the top. By 
reading down a column in Table 7 it is possible to determine If any voltage 
combination listed in the left column results in a dust decay rate 
significantly different than another. 
Reducing the voltage input to the negative ionization electrode and 
positive collection electrode results in a difference in dust decay rate 
that is significant as shown in Table 7. No significant difference was 
found between dust decay rates using a voltage combination of both the 
negative and positive voltage at 100% (N-22 kV, P-16 kV) and a negative 
voltage at 80% (N-18 kV) and positive voltage at 100% (P-16 kV). All other 
voltage combinations when compared with negative voltage of 22 kV and 
positive voltage of 16 kV resulted in a significant difference In dust 
decay rate. The level of significance Increases as the voltage levels are 
reduced. 
The most significant differences occur when the negative voltage is 
13 kV and the positive voltage is reduced to 13 kV or 10 kV. Similar 
levels of significance occur when the positive voltage is 10 kV and the 
negative voltage is reduced to 18 kV or 13 kV. The difference in dust 
decay rate at these lower voltage settings when compared with full voltage 
levels is further Illustrated in Fig. 35. The most significant difference 
occurred between a negative voltage of 22 kV and positive voltage of 16 kV 
combination and negative voltage of 13 kV and positive voltage of 13 kV 
combination. All other combinations shown in Fig. 35 have similar dust 
decay rates which are still significantly lower than when both the negative 
96 
and positive voltages are 100% (N-22 kV, P-16 kV). Fig. 35 shows that a 
significant reduction in dust removal rate occurs when both negative and 
positive voltages are reduced. 
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Comparison by least square curves between dust decay rate for 
different combinations of negative and positive voltages 
The relationship between dust decay rates when the negative voltage 
is 22 kV and the positive voltage is varied is shown In Fig. 36. It can be 
seen that the decay rate is reduced as the positive voltage is reduced. 
The largest reduction occurs after reducing the positive voltage to 13 kV 
indicating that the greatest effect on dust decay rate or collection on the 
positive collector occurs with the initial reduction. 
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Table 6. The effect of negative and positive electrode voltage on the 
decay rate of dust expressed as coefficients of the equation 
log(N) - bg + (b^  x time). N - negative voltage, P - positive 
voltage 
Particle size range (micron) Voltage Number 
Combination of Trials 
(kV) (#) 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10,0 >10.0 
bg N-22, P-16 
R-square 
bg N-22, P-13 
""I 
R-square 
bp N-22, P-10 
R-square 
bg N-18, P-16 
'1 
R-square 
bg N-18, P-13 
R-square 
bg N-18, P-10 
1^ 
R-square 
R-square 
bg N-13, P-16 
bg N-13, P-13 
R.square 
bg N-13, P-10 
R-square 
7.7 
-0.0483 
0.955 
7.7 
-0.0384 
0.950 
7.6 
-0.0335 
0.964 
7.8 
-0.0452 
0.993 
7.7 
-0.0267 
0.945 
7.8 
•0.0241 
0.980 
7.5 
•0.0381 
0.925 
7.4 
•0.0174 
0.674 
7.8 
-0.0271 
0.969 
8.4 
-0.0489 
0.987 
8.3 
-0.0375 
0.955 
8.3 
-0.0330 
0.968 
8 . 6  
-0.0471 
0.994 
8.3 
-0.0249 
0.946 
8.4 
•0.0208 
0.986 
8.3 
•0.0371 
0.941 
8 . 0  
•0.0190 
0.647 
8.4 
•0.0247 
0.970 
9.0 
-0.0535 
0.985 
8.9 
-0.0411 
0.950 
8 . 8  
-0.0376 
0.960 
9.1 
-0.0536 
0.990 
8.9 
-0.0267 
0.942 
9.0 
-0.0237 
0.986 
8 . 8  
-0.0381 
0.926 
8.9 
-0.0327 
0.776 
9.0 
-0.0272 
0.961 
8.7 
-0.0671 
0.980 
8.5 
-0.0525 
0.934 
8.4 
-0.0461 
0.946 
8.5 
-0.0683 
0.993 
8 . 6  
-0.0371 
0.936 
8.7 
-0.0357 
0.973 
8.5 
-0.0439 
0.935 
8.1 
-0.0271 
0.653 
8.7 
-0.0362 
0.953 
7.7 
-0.0835 
0.943 
7.5 
-0.0688 
0.916 
7.2 
-0.0569 
0.937 
7.5 
-0.0845 
0.971 
7.7 
-0.0550 
0.938 
7.7 
-0.0487 
0.920 
7.5 
-0.0635 
0.948 
7.2 
-0.0401 
0.733 
7.7 
-0.0472 
0.916 
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Figure 36. Comparison by least square curves of the dust decay rate when 
the negative electrode voltage is 22 kV and the positive 
voltage is varied 
The positive voltage was held constant at 16 kV and the negative 
electrode voltage varied to determine the effect on dust removal. These 
results are illustrated in Fig. 37. The slope of the line representing 
dust decay rate for negative voltage of 22 kV and 18 kV in Fig. 37 are 
equal meaning that there is no significant reduction in dust removal when 
the negative voltage is reduced to 18 kV. Reducing the negative voltage to 
13 kV does result in a significant change in dust removal rate. 
This comparison of different voltage combinations indicates that the 
higher voltages are required to create the corona discharge and maintain 
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the flow of Ions at a maximum. Maintaining the positive collector voltage 
at its maximum output of 16 kV and the negative ionizing electrode at 
either 22 kV or 18 kV showed no significant difference in dust removal 
rate. This would suggest that the voltage level of the collector may have 
a slightly more significant effect on the collection and removal of dust 
from the air than the negative electrode voltage. However, if both 
voltages are reduced, a significant difference in dust decay rate is 
observed. Therefore, for maximum corona region ion production, the 
voltages should be maintained at the maximum voltage that does not cause 
sparking. 
For this experiment the maximum voltage potential was limited by the 
available power supplies. The maximum attainable voltage potential is the 
difference between the negative and positive potentials. For this study a 
maximum voltage potential of 38 kV was achieved. Theoretically, the 
voltage potential can be supplied by one power supply and a grounded or 
neutral surface because it is the total voltage potential that determines 
the initiation of a corona discharge and the strength of the electric 
field. 
Two different power supplies were used in this study, a negative and 
positive, to Increase the forces acting on the particles attracting them to 
the collector. One problem that has been experienced with previous 
ionization dust removal systems is the accumulation of dust on building 
components and equipment. In this study, a positive collector plate is 
investigated to create a stronger attraction force between charged 
particles and the collector surface than with other building surfaces. 
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Table 7. Statistical comparison of negative and positive electrode 
voltages. Significance levels reported for particles less than 
2.0 micron. N - no significant difference, U - no significant 
difference at p<0.10, V - difference at p<0.05, W - difference at 
p<0.025, X - difference at p<0.01, Y - difference at p<0.005, Z -
difference at p<0.0005 
Voltage Voltages as listed in left-hand column 
uomoinacion 
(kV) 1 2 3 4 5 6 7 8 9 
1) N- 22, P- 16 W Y N Y Y W Z • Y 
2) N- 22, P- 13 W - • U U X Y N Y X 
3) N- 22, P- 10 Y U m m V V W U Y W 
4) N- 18, P- 16 N u V ' . • w X U Y X 
5) N- 18, P- 13 Y X V W - - N X V N 
6) N- 18, P- 10 Y Y w X N - - Y W U 
7) N- 13, P- 16 W N u u X Y - - Y Y 
8) N- 13, P- 13 Z Y Y Y V W Y - - W 
9) N- 13, P- 10 Y X W X N U Y W 
Discussion 
In previous research, negatively ionized air was used to reduce 
airborne dust and organisms in animal isolation rooms (Bundy and Hazen, 
1974; Songer et al., 1976; Bundy and Veenhulzen, 1987). Data from this 
study confirm that negatively ionized air is effective in reducing the 
concentration of airborne dust particles and that the reduction of airborne 
dust follows an exponential decay. The reduction of particles using 
Ionization in this study is significant. 
The primary objective of the laboratory study was to develop and 
evaluate an ionization source, distribution system, and dust collection and 
removal system under controlled conditions. A test chamber was used to 
maintain constant conditions for all trials. Several different ion 
producing and dust collection prototypes were developed and tested. 
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Analyzing the data collected from all trials, a final system was selected 
for testing In an animal housing environment. 
Comparison of a needlepoint electrode and wire electrode showed no 
significant difference In ability to produce Ions, charge particles In the 
air, and remove them from the environment. Since there was no significant 
difference In performance as measured by dust decay rate, other parameters 
were used to select the type of electrode used. The primary factors were 
ease of construction, handling, and maintenance of the electrode. 
A wire electrode was selected as the negative ionization electrode 
because it was easier to handle and construct the electrode unit. A 
plexiglass frame was used to hold the wire in place and maintain tension on 
the wire. Also with the wire electrode, one length of wire could be used 
to uniformly cover an area because the corona region occurs around the 
diameter of the wire. With a needlepoint discharge the corona region 
occurs at the point end of the needle providing a more localized production 
of ions requiring more needlepoints to provide the same performance. One 
disadvantage with using a small diameter wire as the negative ionization 
electrode is that the wire can break if not handled properly causing the 
whole electrode to fail. 
An ionizing electrode with no enclosure around it produces the 
highest level of ion production and the greatest dust removal decay rate. 
However, the ionizing electrode is at a high voltage potential presenting a 
potential shock hazard. For the greatest influence, ionizing electrodes 
were located uniformly in the room space increasing the exposure to the 
animals and workers in the building. 
102 
.1 
E 
o 
I 
8 
8» 
9.0^  
8.5 
8.0 
7.5 
7 7.0 
6.5 
•1 6.0 
5.5 
5.0 
O P = 16kV, N = 22kV 
• P = 16kV, N = 18kV 
A P = 16kV. N = 13kV 
10 15 20 25 30 
Time, minutes 
35 40 45 
Figure 37. Comparison by least square curves of the dust decay rate when 
the positive voltage Is 16 kV and the negative voltage Is 
varied 
To reduce the potential hazard of electrical shock from the high 
voltage negative electrode, protective guards or enclosures were 
Investigated. Results showed that the Ionization potential as measured by 
current flow between the power supply and electrode was affected by the 
type of enclosure used. The amount of opening directly affects Ionization 
and Ion production. Enclosures with solid sides that shielded or Isolated 
the negative electrode resulted In an 88.5% decrease In current flow. 
Therefore, to maintain an electrical potential around the negative 
Ionization electrode to cause corona discharge to occur a slotted or mesh 
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protective enclosure was used. A mesh enclosure with 58% open area was 
used In the final prototype with only a 20.5% reduction In Ion production 
as measured by current flow. A maximum opening size of 76 mm x 76 mm (3 In 
x 3 In) was used. This size opening does not prevent all objects of any 
size from entering the enclosure and coming In contact with the negative 
electrode but Is Intended to guard against accidental contact from working 
around the electrode. A 305 mm x 457 mm x 178 mm (12 In x 18 In x 7 in) 
rectangular enclosure was selected to provide protection around the 
electrode. 
Openings in the protective enclosure are also necessary to allow ions 
to flow away from the negative electrode and become attached to dust 
particles. The strength of the electric field controls the flow of ions 
away from the ionizing electrode. The stronger the electric field the 
faster and farther ions travel from the electrode toward an oppositely 
charged surface. It appears that air currents have little effect on the 
flow of ions based on results collected from studies using an electrode 
enclosure and fan. However, air currents do affect the movement of 
airborne dust in a room. Generally, suspended particles follow the airflow 
currents, but can also be affected by gravitational, inertial, molecular, 
and electrical forces. Therefore, airflow currents should be considered to 
take advantage of the airflow currents to direct particles toward the 
collection surface. 
Positively charged collection surfaces were effective in attracting 
and removing dust particles from the air. The dust decay rate for 
uninsulated collector surfaces was higher than for an insulated collector 
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surface. With the Insulating coating, the dust decay rate was reduced 
23.7%. To compensate for the reduced dust decay rate, more collector 
surface area Is required to yield the same dust removal rate. 
For an animal environment It was decided that area collectors located 
uniformly In the room would be used to reduce the distance between the 
negative electrode and positive collector. A tube shape was selected to 
provide maximum exposure with the least amount of Interference. Even 
though a significant difference In dust decay rate was shown between the 
uncoated collector surface and coated collector surface, coated tube 
collectors were located uniformly In the animal rooms during the animal 
housing study to reduce the danger of worker and animal shock. 
To determine the optimum voltage for the negative ionization 
electrode and positive collector, the voltage was varied at 100%, 80%, and 
60% of full voltage. The maximum voltage used was 22 kV for the negative 
electrode and 16 kV for the positive collectors. Results showed that the 
maximum voltage combination of -22 kV and +16 kV resulted in the highest 
dust removal rate. For this study, sparking or flashover did not occur at 
the maximum attainable voltages. Therefore, a negative electrode voltage 
of at least 22 kV could be used in combination with a positive collector 
voltage of 16 kV. Higher voltages may possibly be used without causing 
sparking or flashover to occur which may increase the strength of the 
electric field, flow of electrons, and particle charging capacity of the 
system. 
From the results of the laboratory study, it is shown that ionization 
is an effective method of reducing airborne dust concentrations. The 
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system can handle large dust loadings typical in animal housing 
environments. Dust concentrations in the laboratory study were greater 
than 100 million particles per cubic meter (mppcm). Also, the ionization 
system can remove submicron dust particles from the air which create a 
health hazard to both animals and livestock housing workers. 
The final laboratory prototype ionization system includes a 305 mm 
(12 in) long, 0.15 mm (0.006 in) diameter wire electrode with no forced air 
across the electrode. A 305 mm x 457 mm x 178 mm (12 in x 18 in x 7 in), 
58% open, rectangular plastic mesh guard was used around the negative 
electrode and a 0.25 mm (0.01 in) thick insulating coating was used on the 
surface of the tube collectors. 
Animal Production Unit Experiment 
Results for three system configurations are presented. System 1 is 
the prototype design developed based on results from the laboratory study. 
This system included 4 wire electrodes with rectangular mesh guards and 9 
coated tube collectors uniformly located in the room. The negative 
electrodes were located in the center of four collectors. Experience with 
system 1 resulted in some modifications leading to systems 2 and 3. 
Systems 2 and 3 used the same negative wire electrode with a modification 
of the mesh guard to streamline the unit. Because the tube collectors were 
difficult to clean, the collector design was changed to a trough design and 
located below the negative electrodes. System 2 and 3 used the same type 
of electrode and collector but location in the room differed. 
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Particle covnt 
Dust levels In the two animal confinement rooms were measured with 
and without dust removal equipment operating. Table 8 summarizes the 
average particle count results from sampling the chamber air. 
Replications were run under similar room conditions and pig sizes. 
Although conditions between trials were not exactly the same, the level of 
dust measured remained relatively constant. Consecutive one minute samples 
were collected during each sampling period. Sampling length for Individual 
samples varied from 56 minutes to 211 minutes with the typical sample about 
90 minutes long. Average particle count was calculated and maximum and 
minimum particle count during each sample was determined. The weighted 
average and maximum and minimum particle count was determined using the 
composite of 5, 6, or 7 replications, depending on the number of samples 
collected. These results are presented in the Appendix. 
Average particle counts for each range of particle sizes collected 
and the total particle count greater than 0.5 microns are summarized in 
Table 8. The largest number of particles were in the size range 2.0 to 5.0 
microns with almost as many particles in the 1.0 to 2,0 micron size range. 
Particles greater than 10.0 microns make up the smallest fraction of the 
total particle count because they settle out faster and are not affected as 
much as smaller particles by air currents in the room. ASHRAE (1981) 
states that particles less than 2.0 microns in diameter are most likely to 
be retained in the lungs. Based on particle counts without ionization dust 
control, about 47.1% of all measured particles greater than 0.5 microns are 
less than 2.0 microns in diameter. This is a significant proportion of the 
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total dust sample. With Ionization dust control, particles less than 2.0 
microns make up 49.4% of the total particle count which is about the same 
fraction as without ionization indicating that all particle sizes are 
affected by ionization. 
Table 8. Average particle counts with and without ionization dust control 
Trial No. Particle size, micron 
»o. 
(#) 
or 
Runs 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(million particles per cubic meter) 
System 1 
-
1 Ionization 5 7.40 29.97 36.50 10.11 1.94 86.12 
Control 5 14.97 59.57 68.60 20.81 5.12 169.49 
2 Ionization 6 7.95 22.89 22.48 5.25 0.78 59.20 
Control 6 16.74 47.33 45.88 11.38 2.02 123.36 
3 Ionization 6 4.51 16.40 16.76 4.04 0.55 42.25 
Control 6 7.35 28.33 31.89 7.74 1.08 76.40 
System 2 
1 Ionization 7 5.00 22.81 24.53 6.52 1.03 59.89 
Control 7 11.43 53.92 61.99 17.37 3.06 147.77 
2 Ionization 6 6.86 26.03 26.79 6.89 1.04 67.61 
Control 5 11.28 51.32 56.78 15.30 2.75 137.44 
3 Ionization 6 7.44 25.98 26.97 7.02 1.03 68.44 
Control 6 13.04 51.16 51.34 13.51 2.45 131.51 
System 3 
1 Ionization 6 4.84 16.17 14.49 3.06 0.38 38.94 
Control 6 8.18 36.03 37.25 9.20 1.48 92.14 
2 Ionization 6 4.93 16.91 13.07 3.01 0.40 38.33 
Control 6 8.36 30.99 32.31 7.61 1.08 80.35 
3 Ionization 6 4.83 16.44 14.12 3.10 0.42 38.90 
Control 6 8.92 29.54 32.08 7.74 1.10 79.38 
A percent reduction in particle count was calculated using the 
control from each trial as the reference. A percentage reduction for each 
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system was calculated using the reduction values for each trial. The 
results of these calculations are presented in Table 9. 
From the values in Table 9, the three systems had similar percent 
reductions in dust levels. System 3 resulted in the largest reduction in 
total dust level with a 53.7% reduction compared with 52.8% for system 2 
and 48.6% for system 1. 
It can be observed from the values in Table 9 that a higher 
percentage of larger particles are removed than smaller particles. Fig. 38 
shows the relationship between dust removal percentage by particle size 
group for each system. System 3 exhibits the most difference in percentage 
removal across different particle sizes with 42.6% of particles between 
0.5%-1.0% being removed and 66.3% of particles greater than 10 microns 
being removed. The percent removal increases as particle size Increases. 
System 2 removes a more uniform percentage of particles between 1.0 to 10.0 
microns with the percent removal varying from 52.1% to 55.2%. For system 
2, the highest percentage removal is for particles greater than 10.0 micron 
and the lowest percentage removal is 46.2% of particles between 0.5 and 1.0 
micron. System 1 has the lowest total percentage removal of all systems, 
but the percent reduction of particles between 0.5 and 10.0 microns is 
about the same across particle size ranges. Percent reduction ranges from 
47.2% for particles between 0.5 and 1.0 micron to 51.0% for particles 
between 5.0 and 10.0 micron. 
109 
100 
90 
80 
70 
K 
S 40 k 30 
20 
10 
0 
1 2 3 
system numoer 
IZ71 0.5 1.0 V77X 2 . 0  s . o  IXXI >10.0 
Figure 38. Comparison of percentage removal of dust by particle size for 
each ionization dust removal system studied. Legend values are 
the lower end of the particle size range in microns 
Fig. 39 compares the percentage reduction between systems for each 
particle size range. It can be seen that for particles 0.5 to 1.0 micron 
in diameter, system 1 performs the best with 47.2% reduction and system 3 
has the lowest removal with only 42.6% of the particles removed. For 
particles between 1.0 and 2.0 micron, system 2 removes the largest 
percentage of particles at 52.1% and system 1 and 3 are similar with 47.8% 
and 48.3% removal, respectively. For particles greater than 2.0 micron in 
diameter, system 3 removes a higher percentage of particles than system 2 
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or 1. System 3 removed 58.9% of particles between 2.0 and 5.0 micron, 
62.4% of all particles between 5.0 and 10.0 micron, and 66.3% of particles 
greater than 10 micron. 
Table 9. Percent reduction of dust level with Ionization control based on 
particle counts 
System Trial Particle size 
Number Number 0.5-1.0 1.0-2.0 2.0-5. 0 5.0-10.0 > 10.0 > 0.5 
(#) (#) (micron) 
1 1 50.6 49.7 46.8 51.4 62.1 49.2 
2 52.5 51.6 51.0 53.8 61.2 52.0 
3 38.6 42.1 47.5 47.8 49.6 44.7 
Total 47.2 47.8 48.4 51.0 57.6 48.6 
2 1 56.3 57.7 60.4 62.5 66.3 59.5 
2 39.2 49.3 52.8 55.0 62.1 50.8 
3 43.0 49.2 47.5 48.1 57.9 48.0 
Total 46.2 52.1 53.6 55.2 62.1 52.8 
3 1 40.8 55.1 61.1 66.8 74.3 57,7 
2 41.0 45.4 59.5 60.5 62.4 52,3 
3 45.9 44.3 56.0 60.0 62.3 51,0 
Total 42.6 48.3 58.9 62.4 66.3 53,7 
Results with and without ionization dust control for each trial were 
analyzed using a t-test and compared at levels of significance 0.025, 
0.005, and 0.0005 and are reported in Table 10. Each trial was analyzed 
and reported separately because conditions were not always consistent 
between trials for each system. Comparisons were conducted for each range 
of particle sizes (0.5-1.0, 1.0-2.0, 2.0-5.0, 5.0-10.0, and >10.0) and 
total particles greater than 0.5 micron to determine If dust levels with 
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Ionization were significantly different from dust levels without 
ionization. 
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Figure 39. Percent removal comparison by system for each particle size 
range 
All systems tested resulted in a significant difference in dust 
levels with and without ionization. Some variation in level of 
significance occurred between particle size ranges. For system 1, trial 1 
and 2 dust levels for particles between 0.5 and 1.0 micron were 
significantly different at p<0.025. All other particle ranges and the 
total dust level was significantly different at p<0.0005. System 2 had the 
most variation between trials in level of significance. For trial 1, total 
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dust level (>0.5 micron) was significantly different at p<0.005. For 
trial 2 and 3, dust levels with and without Ionization were significantly 
different at p<0.0005,except for particles between 0.5 and 1.0 micron In 
trial 3 which was significant at p<0.005. Dust levels with and without 
Ionization for system 3 were significantly different for all particle sizes 
at p<0.0005. 
The results of this comparison show that negatively Ionized air can 
significantly reduce the airborne dust concentration of all particle sizes 
in an animal confinement building. Although significant reductions in dust 
level occurred for all systems tested, system 3 showed the highest overall 
statistical significance of all systems when comparing dust levels with 
ionization dust control and without ionization dust control. 
Dust reduction results for each system were analyzed using a t-test 
and compared to determine if any significant difference existed between 
systems. Comparisons were conducted for each range of particle sizes (0.5-
1.0, 1.0-2.0, 2.0-5.0, 5.0-10.0, and >10.0) and all particles greater than 
0.5 micron to determine if any system had a significantly higher reduction 
of a particular particle size than another. The statistical comparison of 
each system is reported in Table 11. The system listed first in the left-
hand column had a significantly higher percent dust removal at the level of 
significance reported. Based on total particles greater than 0.5 micron, 
system 2 and 3 had a significantly higher percent reduction than system 1. 
System 3 had a higher level of significance at p<0.05 while system 2 was 
significantly different at p<0.20. Comparing system 3 and system 2 for 
removal of all particles greater than 0.5 microns, no significant 
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difference was found. 
No significant difference was found between system 2 and system 1 and 
between system 3 and system 2 for removal of particle less than 1.0 micron. 
Also, no significant difference was shown between system 3 and system 1 for 
removal of particles between 1.0 and 2.0 micron. Using removal of 
particles less than 2.0 as a criteria for comparison, all three systems 
perform about equal removing about 45 to 49 percent of particles this size. 
Analysis of the data shows a significant difference in the removal of 
particles between 1.0 and 2.0 microns at p<0.20 between system 2 and system 
1 and between system 3 and system 1. The difference in removal of 
particles less than 1.0 micron is significant between system 3 and 1. 
Table 10. Statistical comparison of animal study dust levels. Studies 
with no ionization compared to studies with ionization for each 
trial. X - significance at p<0.025, Y - significance at 
p<0.005, Z - significance at p<0.0005 
Particle size, microns 
0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
System 1 
Trial 1 X Z Z Z Z Z 
Trial 2 X Z Z Z Z Z 
Trial 3 Z Z Z Z Z Z 
System 2 
Trial 1 Y Y Y Z Z Y 
Trial 2 ' Z Z Z Z Z Z 
Trial 3 Y Z Z Z Z Z 
System 3 
Trial 1 Z Z Z Z Z Z 
Trial 2 Z Z Z Z Z Z 
Trial 3 Z Z Z Z Z Z 
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Table 11. Statistical comparison of ionization dust control systems based 
on particle count reduction. N - no significant difference, W -
significant difference at p<0.20, X - difference at p<0.10, Y -
difference at p<0.05, Z - difference at p<0.005 
Particle size, micron 
System" 
Compared 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
2-1 N W X w w w 
3-1 W N z z Y Y 
3-2 N W X X w N 
"System number listed first has a significantly higher percent 
removal. 
It is obvious from Table 11 that systems 2 and 3 have a significantly 
higher percent removal than system 1 Indicating that they are more 
effective in removing airborne particles. Between systems 3 and 2 the 
removal of particles between 2.0 and 10.0 microns is significantly higher 
for system 3. The removal of particles between 1.0 and 2.0 micron and 
greater than 10.0 micron is also significant between systems 3 and 2 but at 
a lower level of significance. This would suggest that the configuration 
of system 3 performs slightly better than the ionization electrode and 
collector configuration used In system 2. 
Volumetric sampling 
Volumetric samples were taken with a vacuum pump and 0.8 micron filter 
to determine the reduction dust level based on weight. Replications were 
taken during each trial while conditions were similar. Individual trial 
dust level reductions are reported here for comparison. Individual 
replications are Included in the Appendix. 
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Data was collected as grams of dust collected on the filter and 
converted to ag/n? using the Dayton "Speedaire" compressor flow rate of 
0.167 L/s and sampling time of 60 minutes. A percentage reduction in dust 
level was calculated for each trial using samples with no ionization as the 
reference. Percent reduction for each system was calculated from the 
percent reduction values for each trial and are presented in Table 12. 
The values in Table 12 show that based on volumetric mass sampling of 
particles greater than 0.8 micron a large reduction in dust level occurs as 
a result of ionization. Percent reduction achieved by each system is 
compared graphically in Fig. 40. System 3 had a larger percent reduction 
with 62% of all particles being removed. System 2 and System 1 had percent 
removals of 55% and 48%, respectively. 
These results support the particle count data showing that system 3 
had a larger percent reduction of total dust level than the other two 
systems. Also, these results suggest that the negative electrode 
configuration and collector surfaces used in both system 2 and 3 were more 
effective in charging and removing dust particles from the animal housing 
environment than the negative ionizing electrodes and collector surfaces 
used in system 1. 
Comparing the percent reduction based on particle count and volumetric 
sampling, the percent reduction for volumetric sampling Is higher for both 
system 2 and 3 and about the same for system 1. This Increase in percent 
reduction supports the hypothesis that a higher percentage of the larger 
particles are removed, contributing more to the total weight of the sample. 
Since the percent reduction for system 1 measured by either method Is 
116 
practically equal, It can be assumed that system 1 removes approximately 
the same percentage of particles from all size ranges. 
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Figure 40. Comparison of percent reduction In dust concentration between 
Ionization dust removal systems based on mass samples 
A summary of the statistical comparison between the three systems 
based on volumetric samples Is shown In Table 13. The first system listed 
In each comparison resulted In a significantly higher level of dust 
reduction. System 3 was the most effective In reducing airborne dust 
concentrations based on statistical comparison. Comparison of all systems 
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shows that the level of dust removal achieved with system 3 is 
significantly higher than both system 2 and system 1. The level of 
significance between system 3 and system 1 was the highest. These 
volumetric results support the particle count results showing that system 1 
has the lowest level of dust removal of the three systems and that system 3 
results in the highest removal of dust particles from the environment. 
Table 12. Measured dust level and percent reduction of dust level with 
ionization control based on volumetric samples 
System Trial Number of Dust Reduction in 
Number Number Treatment Replications Level Dust Level 
(#) (#) (#) (ing/m®) (%) 
2 No Ionization 4 13.6 - -
w/ Ionization 4 6.5 52.2 
3 No Ionization 4 9.1 - -
w/ Ionization 4 5.0 44.8 
Total 48.5 
1 No Ionization 4 19.5 
w/ Ionization 4 7.5 61.8 
2 No Ionization 4 17.2 - -
w/ Ionization 4 8.1 52.9 
3 No Ionization 4 15.6 - -
w/ Ionization 4 7.6 51.3 
Total 55.3 
1 No Ionization 4 10.9 
w/ Ionization 4 3.7 66.1 
2 No Ionization 4 9.1 - • 
w/ Ionization 4 3.4 62.6 
3 No Ionization 4 9.2 - -
w/ Ionization 4 3.9 57.6 
Total 62.1 
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Table 13. Statistical comparison of Ionization dust 
removal systems based on volumetric samples 
Systems Level of 
Compared Significance 
2-1 0.100 
3-1 0.025 
3-2 0.100 
Discussion 
Prototype tests were conducted In an animal confinement unit to 
evaluate the overall system performance of Ionization dust control operated 
under typical production conditions. The studies In the AlSl animal 
chambers showed that Ionization can reduce the airborne dust concentration. 
Results showed that larger particles are removed by Ionization more 
effectively than smaller particles. Larger dust particles are charged by 
collision with negative gas Ions. Particles will continue to collect and 
retain Ions until the particle becomes saturated with charge and repels 
other Ions. Large particles can retain more Ions Increasing the total 
particle charge making It easier to attract and collect on an oppositely 
charged collector surface. Smaller particles are typically charged by 
diffusion charging due to thermal movement of Ions and particles In the 
alrstream. Also, smaller particles cannot retain as many Ions resulting in 
a lower total particle charge reducing the Influence of the electric field 
on particle removal. This natural phenomenon of particle charging is 
supported by the results of this study. A higher percentage of larger 
particles were removed by ionization than smaller particles. As particle 
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size Increased so did the percentage of particles removed. This would 
indicate that larger particle are easier to remove. However, for all 
systems evaluated about 51% of all particles between 0.5 to 2.0 microns are 
removed with ionization. 
A similar trend is shown by the volumetric filter samples taken 
during the animal studies. The percent removal of dust was higher for the 
volumetric samples than for the particle count samples. This would suggest 
that a higher percentage of the larger particles are being removed because 
they contribute a larger percentage to the weight of the sample. 
Nuisance dust standards define the allowable exposure level of total 
and respirable dust levels in the work environment. The total dust limit 
is 15 milligrams per cubic meter and 1765 mppcm (OSHA, 1986). Results from 
this study showed that the dust levels in the animal rooms varied between 
9.1 mg/v? and 19.5 mg/m^  and 169 mppcm and 76 mppcm without ionization dust 
control. With ionization dust control, the animal room dust levels were 
reduced to a level between 3.4 mg/v? to 8.1 mg/m^ . The particle count was 
reduced to between 38 mppcm to 86 mppcm depending on the system and trial. 
This is below the dust level cited by the standard, but does not completely 
meet the criteria put forth by Donham (1987). 
The original tube collectors evaluated in the laboratory were 
modified after testing in the animal rooms primarily due to problems 
encountered when cleaning the collectors. Also, the shape and orientation 
of the tube collectors did not provide much reserve storage capacity and 
dust could be re-entrained into the environment if the collectors were 
Jarred or disturbed. The trough-shaped plate collector was easier to 
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handle and maintain and provided some storage capacity between cleaning. A 
plastic air duct was cut in half length-wise and was used as the support 
and insulating guard for the collector plates. The top surface was not 
covered with an Insulating coating because the laboratory results indicated 
that the collection efficiency was reduced by the coating. The edges of 
the collection plate were recessed inside the air duct to reduce the chance 
of shock from accidental contact with the edge of the collector frame. 
System 2 and system 3 used similar Ionization electrodes and 
collectors with different locations Inside the room. In system 3, the 
electrodes and collectors were perpendicular to the Incoming ventilating 
air requiring most of the ventilating air to pass over the ionization 
electrode and collector. In system 2, the ionization electrodes and 
collectors were located above the pen partitions parallel to the inlet 
ventilating air so that the ventilating air passed between individual 
electrodes and collectors rather than over them. The percent removal of 
dust particles greater than 2.0 microns was higher with system 3 than with 
system 2. This may be because more of the total air volume was passed over 
the ionization electrode and collector in system 3 than in system 2 
allowing more particles to become charged and removed from the air. 
System 1 resulted in a lower overall removal of dust from the air 
when compared with systems 2 and 3. System 1 used area tube collectors 
with an insulating coating. Lower overall dust removal with system 1 might 
suggest that the collectors need to be located more directly in line with 
the ionizing electrode and that the total collector surface area should be 
Increased to compensate for the reduction In removal efficiency due to the 
121 
Insulating coating. 
The interior wall and celling surfaces of the AISI animal rooms are 
vinyl coated steel panels. Before beginning the trials, one concern was 
the bulld-up of dust on Interior wall and celling surfaces due to the 
charging of dust particles In the air. Observed dust accumulation between 
control and Ionization trials Indicate no significant additional dust 
bulld-up on Interior building surfaces due to Ionization. A significant 
accumulation of dust did collect on the collector surfaces between 
cleaning. Dust was removed from the collector surface with a brush 
attached to a vacuum hose. This was done manually every few days, but It 
Is expected that future applications of this system will include a more 
automated cleaning and dust removal process utilizing either a vacuum to 
pull the dust from the collector or positive pressure airflow to push the 
dust from the collector surface and store it for disposal. 
The results of the animal confinement unit trials indicate that 
ionization dust control can be used effectively to reduce all size 
particles in the environment. The system is capable of handling the high 
dust load typical in livestock environments and the system is inexpensive 
to install and operate. Also, the system was effective in reducing the 
concentration of dust in the environment without presenting a significant 
danger of shock from the negative ionization electrode or positively 
charged collector. 
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SUMMARY AND CONCLUSIONS 
Experimental Findings 
A method of controlling airborne dust and disease organisms in 
animal confinement facilities is needed to reduce the detrimental effects 
dusts have on animal health and growth performance, worker health, and 
building deterioration. Tests were conducted in the laboratory and an 
animal confinement unit to develop and evaluate a dust removal system 
using Ionization and electrostatic precipitation techniques. 
Lflb9rflt9rY experiment 
Several different ionization systems were developed and 
investigated In a laboratory test chamber. Variations included different 
ionizing electrodes, protective electrode enclosures and distribution 
systems, and collector surfaces. Important findings and conclusions from 
this study are: 
1. Ionization can be used to significantly reduce airborne dust 
concentrations. 
2. Based on dust decay rate, there is no significant difference in 
performance between needlepoint and small diameter wire 
negative ionizing electrodes. 
3. Protective ionizing electrode enclosure type has a direct 
effect on the level of ion production. Solid-sided enclosures 
result in the greatest reduction and mesh enclosures had the 
lowest reduction In ion production measured by current flow. 
4. An Insulating coating can be used to reduce the measured 
collector surface voltage and potential shock hazard from 
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contact with the positive collector. 
5. Comparing the dust decay rate for different particle sizes 
indicates that larger diameter particles are removed more 
effectively than smaller diameter particles with ionization. 
6. Reducing the negative and positive voltage levels reduces the 
dust removal rate. The most significance difference occurs 
when the negative voltage is either 18 kV or 13 kV and positive 
voltage is either 13 kV or 10 kV. No significant difference 
was found when the positive voltage was 16 kV and the negative 
voltage was either 22 kV or 18 kV. 
7. For this study, sparking or flashover did not occur at the 
maximum attainable voltages. Therefore, a negative electrode 
voltage of at least 22 kV could be used in combination with a 
positive collector voltage of 16 kV. Higher voltages may 
possibly be used without causing sparking or flashover. 
Animal production unit study 
Testing of the ionization and dust removal prototypes developed in 
the laboratory were conducted in the animal rooms at the AISI building to 
evaluate the overall system performance under typical production 
conditions. Three system configurations were tested in the AISI building 
using one ionizing electrode, two different ionizing electrode 
enclosures, and two different collector configurations. The following 
conclusions based on the systems investigated were made. 
1. The studies in the AISI animal chambers showed that the 
ionization dust removal systems investigated can effectively 
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reduce the concentration of airborne dust in an animal room. 
2. For this study about 48% of all measured particles greater than 
0.5 micron are less than 2.0 micron In diameter, the size 
considered most likely to be retained in the lungs. 
3. In a swine nursery room, the ionization dust control systems 
studied can reduce the airborne dust concentration by about 48% 
to 54%. 
4. Comparing particle counts to volumetric mass samples indicates 
that larger particles are removed at a higher rate than smaller 
particles. 
5. Air movement pattern across the collector surface and ionizing 
electrode affects the collection efficiency of the ionization 
system. Ventilation system must be considered when designing a 
dust removal system. 
6. No significant additional dust accumulation occurred on 
celling, walls, pen partitions, fans, and controls with 
ionization and area collectors. Some dust buildup does occur 
on the surfaces of the negative electrode enclosure. 
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SUGGESTIONS FOR FUTURE RESEARCH 
The research described In this study presents an Ionization dust 
removal system configuration that effectively reduces the concentration 
of particles In the air. This system Is Inexpensive to Install and 
operate and can be easily retrofitted Into existing animal production 
buildings. The results of this study can be further enhanced by 
additional research and study In the following areas. 
1. Further study measuring the removal of bacterlal-colony-
formlng-partlcles (BCFP) utilizing this Ionization dust control 
system Is required to determine Its effectiveness for 
controlling airborne microorganisms. 
2. Further research In the development of a model to predict the 
production of Ions, particle charging, and dust collection with 
an ionization dust removal system is needed. A significant 
amount of particle count data has been collected in this study 
under both laboratory and field conditions that could be used 
to help build and verify the model. 
3. Further study is needed to determine the optimum number and 
location of ionizing electrodes and the optimum collector 
surface area and location in a room. 
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APPENDIX A: DUST LEVEL MEASUREMENTS IN AISI CHAMBERS 
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Table A-1. Summary of measured particle counts for system 1 without 
Ionization dust control 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (min) (million particles per cubic meter) 
Trial 1 
Average 1 90 13.11 61.95 76.38 27.36 6.59 185.40 
Maximum 17.31 83.87 110.61 41.69 10.51 263.09 
Minimum 7.09 38.37 43.31 13.76 3.05 107.84 
Std Dev 2.12 11.35 16.41 6.83 1.89 38.26 
Average 2 65 13.69 67.33 78.95 24.82 5.18 189.97 
Maximum 19.95 99.72 114.08 35.82 7.99 275.96 
Minimum 10.26 45.46 40.75 11.30 2.26 110.85 
Std Dev 2.35 12.83 15.85 5.36 1.21 36.64 
Average 3 67 32.36 60.03 51.62 15.54 3.09 162.63 
Maximum 44.83 113.70 125.62 40.14 8.26 331.75 
Minimum 27.14 41.23 29.25 8.06 1.50 109.33 
Std Dev 4.96 18.36 23.18 7.81 1.65 55.50 
Average 4 118 10.64 52.24 63.13 19.29 4.60 151.48 
Maximum 19.18 108.26 144.05 48.16 10.64 330.24 
Minimum 6.80 27.35 32.16 7.78 2.29 80.54 
Std Dev 3.12 20.07 28.53 9.97 1.83 63.12 
Average 5 96 10.76 60.75 72.86 17.50 5.75 167.64 
Maximum 17.10 133.86 158.12 30.70 13.95 327.64 
Minimum 6.78 36.68 36.70 11.46 3.81 99.88 
Std Dev 2.95 25.21 31.36 4.67 2.29 62.14 
Average Total 436 14.97 59.57 68.60 20.81 5.12 169.49 
Maximum 44.83 133.86 158.12 48.16 13.95 331.75 
Minimum 6.78 27.35 29.25 7.78 1.50 80.54 
Std Dev 8.15 19.41 26.41 8.58 2.16 55.81 
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Table Â-1. (Continued) 
Particle size range (micron) 
Sample -
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (min) (million particles per cubic meter) 
Trial 2 
Average 
Maximum 
Minimum 
Std Dev 
1 119 11.99 
16.79 
7.56 
1.76 
46.15 
69.14 
23.87 
8.98 
46.44 
70.50 
22.35 
9.88 
11.53 
18.99 
5.26 
2.59 
1.96 
3.27 
0.55 
0.49 
118.07 
178.14 
59.84 
23.58 
Average 
Maximum 
Minimum 
Std Dev 
2 110 20.75 
28.57 
12.48 
4.52 
46.24 
74.13 
24.33 
10.83 
50.43 
106.56 
14.28 
19.56 
11.74 
23.61 
3.84 
4.40 
2.24 
4.54 
0.74 
0.84 
131.40 
212.51 
73.15 
30.74 
Average 
Maximum 
Minimum 
Std Dev 
3 119 9.93 
22.75 
5.83 
2.47 
40.53 
63.03 
20.46 
10.87 
43.33 
70.10 
20.31 
12.77 
11.73 
20.25 
5.25 
3.78 
2.23 
4.00 
0,87 
0.76 
107.75 
171.66 
53.32 
30.39 
Average 
Maximum 
Minimum 
Std Dev 
4 90 12.64 
16.79 
9.91 
1.57 
49.24 
69.14 
34.63 
8.27 
47.07 
61.62 
33.55 
7.72 
12.60 
25.69 
7.90 
2.82 
2.14 
3.03 
1.37 
0.46 
123.69 
154.42 
88.39 
18.81 
Average 
Maximum 
Minimum 
Std Dev 
5 61 14.09 
17.28 
10.12 
1.79 
57.30 
74.13 
37.95 
7.39 
60.54 
78.96 
37.87 
8.63 
14.01 
20.17 
9.78 
2.77 
2.41 
3.29 
1.61 
0.44 
148.34 
180.66 
97.51 
14.25 
Average 
Maximum 
Minimum 
Std Dev 
6 98 31.94 
52.06 
22.23 
8.38 
49.71 
77.59 
19.74 
12.31 
32.93 
47.98 
18.10 
7.11 
7.55 
11.79 
3.96 
1.83 
1.25 
1.96 
0.60 
0.32 
123.39 
175.86 
74.00 
24.95 
Average 
Maximum 
Minimum 
Std Dev 
Total 588 16.74 
52.06 
5.83 
8.73 
47.33 
77.59 
19.74 
11.10 
45.88 
106.56 
14.28 
14.12 
11.38 
25.69 
3.84 
3.69 
2.02 
4.54 
0.55 
0.70 
123.36 
212.51 
53.32 
27.75 
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Table A-1. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (rain) (million particles per cubic meter) 
Trial 3 
Average 1 117 9.35 32.43 34.64 7.82 1.03 85.26 
Maximum 19.30 74.61 90.62 24.78 3.95 213.11 
Minimum 5.22 19.88 20.39 4.16 0.51 50.20 
Std Dev 2.90 9.20 9.98 2.61 0.42 24.72 
Average 2 142 5.92 25.88 29.47 7.19 1.02 69.48 
Maximum 8.19 36.19 41.80 12.50 1.41 97.89 
Minimum 4.39 18.66 20.68 4.68 0.62 49.60 
Std Dev 0.82 4.18 5.16 1.41 0.20 11.59 
Average 3 90 8.17 25.16 27.85 7.00 1.01 69.19 
Maximum 10.97 33.16 40.45 10.35 • 1.54 93.61 
Minimum 6.54 19.00 19.18 4.55 0.63 50.46 
Std Dev 0.94 3.46 4.82 1.37 0.21 10.17 
Average 4 91 6.35 28.26 32.48 8.03 1.15 76.28 
Maximum 8.19 36.19 41.80 12.50 1.41 97.89 
Minimum 5.11 22.62 25.63 6.37 0.84 60.77 
Std Dev 0.62 2.90 3.47 0.98 0.13 7.84 
Average 5 79 7.23 28.87 33.79 8.42 1.19 79.49 
Maximum 9.07 38.39 45.14 11.48 1.67 105.50 
Minimum 5.78 20.46 23.88 6.09 0.76 57.14 
Std Dev 0.93 5.08 6.07 1.54 0.24 13.72 
Average 6 72 7.31 29.94 34.46 8.49 1.19 81.39 
Maximum 9.07 38.39 45.14 11.48 1.67 105.50 
Minimum 5.90 22.02 25.26 6.30 0.76 61.11 
Std Dev 0.88 4.49 5.60 1.47 0.23 12.51 
Average Total 591 7.35 28.33 31.89 7.74 1.08 76.40 
Maximum 19.30 74.61 90.62 24.78 3.95 213.11 
Minimum 4.39 18.66 19.18 4.16 0.51 49.60 
Std Dev 1.94 6.05 6.85 1.77 0.27 16.19 
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Table A-2. Stunmary of measured particle counts for system 2 without 
Ionization dust control 
Sample 
no. 
Sample 
Length 
(mln) 
Particle size range (micron) 
0.5-1.0 1.0-2.0 2.0-5.0 5-0-10.0 >10.0 
(million particles per cubic meter) 
>0.5 
Trial 1 
Average 1 122 10.25 47.29 51.08 13.39 2.31 124.32 
Maximum 15.14 71.36 78.04 21.63 3.73 187.10 
Minimum 7.76 35.04 4.50 8.98 1.40 68.40 
Std Dev 1.63 8.38 10.43 2.71 0.50 23.13 
Average 2 81 10.79 50.45 54.50 14.36 2.48 132.58 
Maximum 15.14 71.36 78.04 21.63 3.73 187.10 
Minimum 8.05 37.81 4.50 10.01 1.55 68.40 
Std Dev 1.61 7.96 10.78 2.70 0.50 22.85 
Average 3 92 11.58 54.92 61.70 17.02 2.99 148.20 
Maximum 23.76 119.01 143.83 42.84 7.72 336.91 
Minimum 7.86 - 36.07 37.31 9.55 1.54 92.33 
Std Dev 3.43 18.32 23.94 7.42 1.36 54.26 
Average 4 74 10.77 53.50 62.79 17.91 3.15 148.11 
Maximum 16.33 80.44 98.88 28.85 5.25 229.74 
Minimum 7.70 35.69 37.94 10.14 1.77 95.73 
Std Dev 1.97 10.14 13.44 4.27 0.77 30.41 
Average 5 90 14.37 68.00 81.91 23.93 4.13 192.34 
Maximum 24.75 124.90 160.05 50.45 9.53 369.68 
Minimum 8.03 34.25 39.27 11.17 1.89 94.62 
Std Dev 3.41 18.22 23.72 7.53 1.42 54.19 
Average 6 68 12.67 59.05 74.85 21.59 3.81 171.97 
Maximum 16.81 81.92 126.74 34.28 9.53 256.67 
Minimum 8.03 34.25 39.27 11.17 1.89 94.62 
Std Dev 2.47 14.31 23.94 6.79 1.60 48.19 
Average 7 121 10.48 49.05 55.66 16.08 2.99 134.26 
Maximum 21.40 72.42 88.51 27.59 5.20 208.19 
Minimum 4.02 16.31 16.44 4.18 0.73 41.68 
Std Dev 2.34 11.26 15.18 5.35 1.04 34.44 
Average Total 648 11.43 53.92 61.99 17.37 3.06 147.77 
Maximum 24.75 124.90 160.05 50.45 9.53 369.68 
Minimum 4.02 16.31 4.50 4.18 0.73 41.68 
Std Dev 2.85 14.71 20.68 6.53 1.24 45.46 
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Table A-2. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (min) (million particles per cubic meter) 
Trial 2 
Average 
Maximum 
Minimum 
Std Dev 
1 95 10.65 
15.14 
7.76 
1.62 
49.34 
71.36 
35.04 
8.33 
53.11 
78.04 
4.50 
10.91 
13.91 
21.63 
8.98 
2.82 
2.40 
3.73 
1.40 
0.52 
129.41 
187.10 
68.40 
23.60 
Average 
Maximum ' 
Minimum 
Std Dev 
2 120 10.67 
16.33 
7.86 
1.86 
51.76 
80.44 
36.07 
10.03 
59.27 
98.88 
37.31 
13.60 
16.59 
28.85 
9.55 
4.38 
2.90 
5.25 
1.54 
0.81 
141.19 
229.74 
92.33 
30.34 
Average 
Maximum 
Minimum 
Std Dev 
3 78 12.49 
17.64 
8.03 
2.28 
59.72 
100.11 
34.25 
16.35 
70.41 
114.15 
39.27 
19.42 
19.03 
26.53 
11.17 
3.71 
3.65 
9.53 
1.89 
1.49 
165.30 
253.93 
94.62 
42.26 
Average 
Maximum 
Minimum 
Std Dev 
4 90 10.45 
21.40 
7.36 
2.06 
48.05 
65.99 
34.07 
8.88 
52.67 
80.13 
35.34 
11.46 
14.68 
25.47 
5.68 
4.05 
2.73 
4.97 
1.56 
0.79 
128.58 
189.95 
87.99 
26.50 
Average 
Maximum 
Minimum 
Std Dev 
5 92 12.52 
16.79 
9.91 
1.56 
48.88 
69.14 
34.63 
8.00 
49.80 
70.50 
33.55 
9.06 
12.52 
18.99 
7.90 
2.63 
2.15 
3.27 
1.37 
0.48 
125.88 
178.14 
88.39 
21.26 
Average 
Maximum 
Minimum 
Std Dev 
Total 475 11.28 
21.40 
7.36 
2.09 
51.32 
100.11 
34.07 
11.23 
56.78 
114.15 
4.50 
14.85 
15.30 
28.85 
5.68 
4.22 
2.75 
9.53 
1.37 
0.99 
137.44 
253.93 
68.40 
32.29 
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Table A-2. (Continued) 
Particle size range (micron) 
Sample -
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 3 
Average 
Maximum 
Minimum 
Std Dev 
1 115 15.67 
24.68 
9.59 
3.81 
51.35 
92.99 
21.23 
19.08 
50.05 
98.15 
17.31 
21.27 
12.95 
31.66 
4.22 
5.76 
2.54 
23.48 
0.75 
2.22 
132.55 
246.12 
53.43 
50.72 
Average 
Maximum 
Minimum 
Std Dev 
2 95 15.86 
24.68 
10.22 
3.26 
52.37 
85.92 
25.52 
16.29 
51.01 
90.63 
21.83 
18.16 
13.15 
24.60 
5.65 
4.81 
2.62 
23.48 
0.95 
2.33 
135.00 
227.37 
64.63 
43.13 
Average 
Maximum 
Minimum 
Std Dev 
3 119 12.09 
16.79 
7.56 
1.76 
46.54 
69.14 
23.87 
8.98 
46.83 
70.50 
22.35 
9.88 
11.63 
18.99 
5.26 
2.59 
1.98 
3.27 
0.55 
0.49 
119.06 
178.14 
59.84 
23.58 
Average 
Maximum 
Minimum 
Std Dev 
4 68 14.76 
17.73 
11.53 
1.77 
62.74 
92.99 
39.88 
13.20 
49.72 
65.29 
35.49 
6.77 
13.75 
25.69 
10.09 
2.48 
2.37 
3.23 
1.59 
0.39 
143.33 
177.96 
106.28 
17.69 
Average 
Maximum 
Minimum 
Std Dev 
5 96 10.31 
15.14 
7.76 
1.70 
47.77 
71.36 
35.04 
8.66 
51.94 
78.04 
37.55 
9.96 
13.56 
21.63 
8.98 
2.84 
2.34 
3.73 
1.54 
0.52 
125.91 
187.10 
90.87 
23.49 
Average 
Maximum 
Minimum 
Std Dev 
6 123 10.53 
15.81 
7.70 
1.70 
50.78 
74.21 
35.69 
9.25 
57.61 
87.03 
37.31 
12.71 
15.99 
26.75 
9.55 
4.12 
2.80 
4.63 
1.54 
0.75 
137.71 
205.11 
92.33 
28.11 
Average 
Maximum 
Minimum 
Std Dev 
Total 616 13.04 
24.68 
7.56 
3.43 
51.16 
92.99 
21.23 
13.91 
51.34 
98.15 
17.31 
14.81 
13.51 
31.66 
4.22 
4.29 
2.45 
23.48 
0.55 
1.43 
131.51 
246.12 
53.43 
34.83 
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Table A3. Summary of measured particle counts for system 3 without 
ionization dust control 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 1 
Average 
Maximum 
Minimum 
Std Dev 
1 126 7.61 
13.78 
4.63 
1.94 
32.58 
62.82 
17.92 
9.06 
34.49 
68.96 
21.27 
10.06 
8.37 
16.77 
5.12 
2.81 
1.27 
3.15 
0.47 
0.57 
84.32 
165.04 
50.81 
24.15 
Average 
Maximum 
Minimum 
Std Dev 
2 90 8.20 
12.27 
5.69 
1.47 
38.40 
57.67 
25.67 
6.91 
43.90 
68.90 
16.22 
9.41 
12.11 
20.48 
7.17 
2.81 
2.17 
3.93 
1.19 
0.58 
104.78 
163.26 
68.33 
20.82 
Average 
Maximum 
Minimum 
Std Dev 
3 75 8.46 
11.66 
6.31 
1.17 
39.27 
53.63 
29.40 
5.13 
44.48 
58.71 
16.22 
6.52 
12.17 
16.97 
8.38 
1.72 
2.15 
3.05 
1.34 
0.36 
106.52 
140.53 
75.98 
14.04 
Average 
Maximum 
Minimum 
Std Dev 
4 111 8.66 
16.04 
3.41 
2.28 
36.86 
72.05 
5.96 
11.20 
33.22 
67.40 
10.26 
11.19 
7.05 
14.78 
2.17 
2.53 
0.99 
2.11 
0.31 
0.36 
86.77 
172.37 
29.37 
27.37 
Average 
Maximum 
Minimum 
Std Dev 
5 94 8.39 
10.94 
4.98 
1.57 
35.56 
46.47 
5.96 
8.16 
32.04 
43.86 
15.45 
8.52 
6.79 
9.52 
2.98 
1.96 
0.95 
1.38 
0.39 
0.28 
83.73 
111.17 
36.40 
20.23 
Average 
Maximum 
Minimum 
Std Dev 
6 115 7.94 
10.86 
5.69 
1.29 
35.45 
48.92 
25.67 
5.69 
38.52 
52.88 
16.22 
7.06 
9.94 
14.72 
6.16 
2.12 
1.65 
2.75 
0.86 
0.47 
93.52 
128.51 
66.95 
15.79 
Average 
Maximum 
Minimum 
Std Dev 
Total 611 8.18 
16.04 
3.41 
1.74 
36.03 
72.05 
5.96 
8.43 
37.25 
68.96 
10.26 
10.22 
9.20 
20.48 
2.17 
3.17 
1.48 
3.93 
0.31 
0.66 
92.14 
172.37 
29.37 
23.07 
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Table À-3. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 2 
Average 1 91 8.31 35.57 37.37 9.10 1.43 91.79 
Maximum 11.72 53.16 57.44 14.72 2.75 138.39 
Minimum 6.04 24.56 23.80 5.26 0.72 61.40 
Std Dev 1.45 7.11 8.38 2.47 0.50 19.66 
Average 2 120 9.16 31.60 33.78 7.60 0.99 83.13 
Maximum 16.94 61.02 63.93 17.80 2.82 158.58 
Minimum 5.22 19.88 20.39 4.16 0.51 50.20 
Std Dev 2.55 6.92 6.99 1.78 0.28 18.10 
Average 3 160 7.71 26.60 30.17 7.53 1.08 73.09 
Maximum 10.97 38.39 45.14 11.48 1.67 105.50 
Minimum 5.78 19.00 19.18 4.55 0.63 50.46 
Std Dev 1.07 4.75 6.22 1.60 0.24 13.13 
Average 4 90 8.56 29.14 29.73 7.15 0.97 75.55 
Maximum 13.17 47.78 48.39 11.82 1.57 122.27 
Minimum 5.72 17.67 15.84 3.30 0.46 43.09 
Std Dev 1.75 7.35 7.83 2.00 0.29 18.56 
Average 5 71 7.84 34.40 36.41 9.03 1.46 89.14 
Maximum 11.77 52.42 58.11 16.75 3.15 142.20 
Minimum 4.69 21.54 21.79 4.61 0.72 54.64 
Std Dev 1.66 7.34 9.11 2.81 0.56 21.29 
Average Total 513 8.36 30.99 32.31 7.61 1.08 80.35 
Maximum 16.94 61.02 63.93 17.80 3.15 158.58 
Minimum 4.69 17.67 15.84 3.30 0.46 43.09 
Std Dev 1.84 7.53 7.75 2.03 0.36 18.48 
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Table A-3. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 3 
Average 1 91 8.31 35.57 37.37 9.10 1.43 91.79 
Maximum 11.72 53.16 57.44 14.72 2.75 138.39 
Minimum 6.04 24.56 23.80 5.26 0.72 61.40 
Std Dev 1.45 7.11 8.38 2.47 0.50 19.66 
Average 2 120 9.45 26.09 29.87 7.36 1.05 73.83 
Maximum 11.72 36.19 41.80 12.50 1.41 97.89 
Minimum 3.85 16.06 18.10 4.15 0.55 43.41 
Std Dev 0.97 4.79 5.70 1.51 0.21 13.05 
Average 3 120 9.73 27.34 30.80 7.58 1.09 76.53 
Maximum 11.63 36.19 41.80 12.50 1.41 97.89 
Minimum 4.77 20.39 21.42 5.13 0.63 53,15 
Std Dev 0.65 3.32 4.45 1.20 0.17 9.35 
Average 4 100 7.39 28.32 32.81 8.21 1.16 77.88 
Maximum 9.07 38.39 45.14 11.48 1.67 105.50 
Minimum 5.78 20.46 23.88 6.09 0.76 57.14 
Std Dev 0.91 4.71 5.83 1.47 0.22 12.81 
Average 5 90 8.69 30.48 32.91 7.43 0.96 80.48 
Maximum 12.88 44.24 47.95 11.23 1.54 117.35 
Minimum 5.66 22.86 24.63 5.31 0.68 60.13 
Std Dev 2.04 4.90 4.82 1.20 0.17 12.82 
Average 6 91 9.56 31.37 29.72 6.91 0.92 78.48 
Maximum 14.62 47.26 43.73 10.30 1.49 117.41 
Minimum 6.46 21.73 19.83 4.35 0.56 53.96 
Std Dev 2.12 6.32 6.30 1.57 0.23 16.18 
Average Total 611 8.92 29.54 32.08 7.74 1.10 79.38 
Maximum 14.62 53.16 57.44 14.72 2.75 138.39 
Minimum 3.85 16.06 18.10 4.15 0.55 43.41 
Std Dev 1.94 6.07 6.48 1.74 0.31 15.61 
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Table A-4. Summary of measured particle counts for system 1 with 
ionization dust control 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 1 
Average 
Maximum 
Minimum 
Std Dev 
1 66 7.97 
11.04 
5.65 
1.60 
35.22 
49.29 
24.61 
6.92 
37.12 
51.54 
24.46 
7.22 
11.00 
16.26 
6.87 
2.38 
2.31 
3.48 
1.30 
0.56 
93,61 
121,20 
68,95 
16.47 
Average 
Maximum 
Minimum 
Std Dev 
2 63 7.94 
12.97 
3.84 
2.92 
33.17 
65.55 
10.04 
17.44 
34.89 
74.84 
7.65 
21.25 
11.70 
26.04 
2.15 
7.54 
3.13 
7.49 
0.50 
2.07 
90,83 
186.02 
24,27 
51,16 
Average 
Maximum 
Minimum 
Std Dev 
3 99 6.87 
9.88 
3.77 
1.33 
28.41 
42.29 
7.38 
8.88 
47.15 
69.42 
25.77 
9.55 
11.49 
18.17 
5.95 
2.58 
1.73 
2.93 
0.78 
0,45 
95,66 
131,94 
54,70 
18,93 
Average 
Maximum 
Minimum 
Std Dev 
4 73 7.48 
11.02 
4.40 
1.95 
25.80 
55.26 
10.54 
12.38 
26.24 
61.63 
8.89 
14.45 
6.37 
15.53 
1.97 
3.65 
1.01 
2.32 
0,26 
0.60 
67,93 
145,76 
26,07 
33.38 
Average 
Maximum 
Minimum 
Std Dev 
5 65 7.00 
7.68 
5.68 
0.46 
28.60 
31.56 
20.42 
2.60 
32.72 
36.35 
21.15 
3.76 
9.75 
10.98 
5.93 
1.27 
1.77 
2.14 
1.00 
0.24 
79.85 
88.30 
54.34 
8.22 
Average 
Maximum 
Minimum 
Std Dev 
Total 366 7.40 
12.97 
3.77 
1.85 
29.97 
65.55 
7.38 
11.19 
36.50 
74.84 
7.65 
14.51 
10.11 
26,04 
1.97 
4.41 
1.94 
7.49 
0,26 
1.18 
86.12 
186,02 
24,27 
30,69 
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Table Â-4. (Continued) 
Sample 
no. 
Sample 
Length 
(mln) 
Particle size range (micron) 
0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 
(million particles per cubic meter) 
>0.5 
Trial 2 
Average 
Maximum 
Minimum 
Std Dev 
1 57 4.83 
8.91 
2.20 
1.69 
21.16 
33.90 
7.54 
6.82 
20.16 
34.30 
6.71 
6.97 
4.54 
8.91 
1.60 
1.47 
0.80 
1.61 
0.26 
0.27 
51.50 
87.63 
18.58 
15.13 
Average 
Maximum 
Minimum 
Std Dev 
2 119 7.24 
11.28 
4.00 
1.50 
26.59 
42.44 
13.30 
6.88 
26.01 
46.50 
11.74 
8.18 
6.32 
12.07 
2.78 
2.11 
0.98 
1.99 
0.42 
0.34 
67.14 
111.71 
32.77 
18.49 
Average 
Maximum 
Minimum 
Std Dev 
3 90 10.79 
18.70 
6.46 
2.76 
25.74 
48.06 
12.06 
7.42 
23.75 
50.14 
5.58 
9.20 
6.38 
27.96 
1.25 
3.53 
0.94 
2.56 
0.21 
0.43 
67.60 
130.49 
27.57 
21.63 
Average 
Maximum 
Minimum 
Std Dev 
4 90 9.14 
12.28 
5.33 
1.95 
21.39 
36.09 
9.04 
7.40 
19.66 
37.14 
4.61 
8.28 
4.65 
9.70 
1.44 
2.17 
0.65 
1.45 
0.18 
0.32 
55.49 
95.13 
20.60 
19.71 
Average 
Maximum 
Minimum 
Std Dev 
5 211 6.16 
8.61 
3.79 
1.01 
19.21 
30.63 
8.66 
5.14 
17.22 
30.17 
5.52 
5.43 
3.74 
6.88 
1.26 
1.26 
0.53 
1.03 
0.16 
0.19 
46.34 
74.50 
21.07 
12.70 
Average 
Maximum 
Minimum 
Std Dev 
6 110 10.50 
14.93 
8.30 
1.43 
25.74 
34.00 
14.64 
4.73 
31.21 
40.90 
21.11 
3.61 
6.94 
12.31 
4.34 
1.66 
1.04 
1.96 
0.55 
0.28 
75.42 
95.14 
49.07 
9.45 
Average 
Maximum 
Minimum 
Std Dev 
Total 677 7.95 
18.70 
2.20 
2.65 
22.89 
48.06 
7.54 
6.95 
22.48 
50.14 
4.61 
8.51 
5.25 
27.96 
1.25 
2.41 
0.78 
2.56 
0.16 
0.36 
59.20 
130.49 
18.58 
19.48 
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Table A-4. (Continued) 
Particle size range (micron) 
Sample — 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (min) (million particles per cubic meter) 
Trial 3 
Average 1 101 5.94 18.08 18.73 5.52 0.72 48.98 
Maximum 8.78 25.32 24.42 9.60 1.28 64.28 
Minimum 3.85 10.74 14.17 3.33 0.38 35.60 
Std Dev 1.27 3.28 2.77 1.81 0.24 8.46 
Average 2 95 4.04 14.50 15.22 3.47 0.45 37.68 
Maximum 7.45 31.39 33.08 7.51 1.08 77.64 
Minimum 2.55 6.78 6.92 1.54 0.18 17.98 
Std Dev 1.05 5.07 5.43 1.22 0.18 12.87 
Average 3 75 3.32 12.57 13.26 3.10 0.41 32.66 
Maximum 4.38 19.02 20.70 4.78 0.69 49.40 
Minimum 1.97 8.43 9.08 2.02 0.20 21.81 
Std Dev 0.56 2.54 2.75 0.70 0.10 6.44 
Average 4 78 • 4.15 17.99 18.44 4.20 0.55 45.33 
Maximum 8.00 33.40 34.45 8.28 1.12 85.14 
Minimum 2.14 8.27 7.82 1.74 0.18 20.15 
Std Dev 1.31 5.95 6.24 1.49 0.22 15.17 
Average 5 145 4.42 18.72 18.77 4.30 0.60 46.80 
Maximum 7.77 34.88 34.47 8.01 3.70 85.71 
Minimum 2.50 9.25 2.89 0.35 0.23 22.75 
Std Dev 1.18 5.92 6.37 1.54 0.34 15.08 
Average 6 129 4.77 15.13 15.11 3.46 0.50 38.97 
Maximum 13.43 22.51 24.34 5.86 3.70 59.60 
Minimum 2.50 9.25 2.89 0.35 0.23 22.75 
Std Dev 2.29 3.11 3.69 0.91 0.31 8.67 
Average Total 623 4.51 16.40 16.76 4.04 0.55 42.25 
Maximum 13.43 34.88 34.47 9.60 3.70 85.71 
Minimum 1.97 6.78 2.89 0.35 0.18 17.98 
Std Dev 1.63 5.07 5.30 1.56 0.28 13.00 
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Table A-5. Summary of measured particle counts for system 2 with 
Ionization dust control 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 1 
Average 1 81 6.18 27.28 29.58 7.91 1.29 72.25 
Maximum 10.35 49.07 51.20 13.39 2.40 126.41 
Minimum 3.22 13.22 14.06 3.76 0.58 34.96 
Std Dev 1.43 6.65 7.21 1.98 0.36 17.50 
Average 2 65 5.03 22.38 26.34 7.50 1.24 62.50 
Maximum 6.44 29.03 37.55 11.36 2.01 86.34 
Minimum 3.81 15.86 10.67 4.29 0.68 40.79 
Std Dev 0.67 3.63 5.54 1.78 0.35 11.76 
Average 3 56 4.76 22.37 25.49 7.00 1.13 60.75 
Maximum 6.81 33.57 42.28 13.30 2.30 97.41 
Minimum 3.37 15.24 16.19 4.25 0.62 39.72 
Std Dev 0.76 3.95 5.37 1.72 0.32 12.01 
Average 4 81 4.53 20.35 22.50 6.24 1.01 54.64 
Maximum 6.82 31.30 38.34 11.37 1.89 89.72 
Minimum 2.22 7.83 8.04 2.03 0.34 20.54 
Std Dev 1.24 6.38 8.04 2.36 0.40 18.35 
Average 5 115 5.28 25.53 26.95 7.03 1.13 65.91 
Maximum 7.59 38.02 42.22 11.51 3.36 101.29 
Minimum 2.80 12.42 11.81 2.69 0.38 30.14 
Std Dev 0.99 5.21 6.36 1.79 0.37 14.53 
Average 6 75 4.06 19.68 21.35 5.63 0.88 51.60 
Maximum 5.52 26.94 29.43 7.92 1.34 70.45 
Minimum 2.81 13.50 13.06 3.16 0.44 33.51 
Std Dev 0.67 3.41 4.40 1.36 0.24 9.91 
Average 7 81 4.90 20.51 18.91 4.36 0.55 49.23 
Maximum 6.93 30.29 29.87 7.50 1.02 75.56 
Minimum 2.46 11.65 9.78 1.88 0.20 26.36 
Std Dev 1.02 4.89 5.21 1.36 0.18 12.44 
Average Total 554 5.00 22.81 24.53 6.52 1.03 59.89 
Maximum 10.35 49.07 51.20 13.39 3.36 126.41 
Minimum 2.22 7.83 8.04 1.88 0.20 20.54 
Std Dev 1.19 5.81 7.11 2.13 0.40 16.29 
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Table A 5. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 2 
Average 
Maximum 
Minimum 
Std Dev 
1 113 5.66 
8.99 
3.16 
1.19 
26.64 
42.60 
13.86 
6.07 
29.16 
48.97 
12.77 
7.58 
7.66 
13.19 
3.07 
2.16 
1.13 
2.00 
0.39 
0.35 
70.24 
115.10 
33.58 
17.18 
Average 
Maximum 
Minimum 
Std Dev 
2 64 5.70 
9.10 
3.80 
1.14 
24.69 
42.63 
14.11 
6.07 
26.34 
47.24 
15.06 
6.78 
6.93 
12.96 
3.68 
1.94 
1.13 
2.22 
0.64 
0.33 
64.80 
114.15 
37.32 
16.21 
Average 
Maximum 
Minimum 
Std Dev 
3 126 6.92 
9.38 
4.65 
1,06 
26.64 
36.58 
16.36 
4.73 
26.21 
35.53 
15.19 
5.37 
6.53 
9.32 
3.70 
1.45 
0.99 
1.67 
0.50 
0.25 
67.30 
89.90 
40.33 
12.67 
Average 
Maximum 
Minimum 
Std Dev 
4 84 6.62 
8.69 
4.17 
1.03 
27.94 
39.70 
15.33 
5.37 
27.70 
41.11 
15.11 
5.68 
6.59 
10.00 
3.52 
1.43 
0.93 
1.54 
0.44 
0.22 
69.79 
100.83 
38.75 
13.55 
Average 
Maximum 
Minimum 
Std Dev 
5 78 7.34 
11.28 
4.85 
1.34 
23.91 
41.45 
17.90 
4.72 
23.77 
43.40 
17.48 
4.90 
6.14 
11.73 
4.48 
1.35 
0.88 
1.84 
0.60 
0.23 
62.05 
109.71 
46.26 
12.27 
Average 
Maximum 
Minimum 
Std Dev 
6 76 9.84 
12.93 
7.27 
1.20 
26.17 
39.94 
13.55 
7.69 
27.76 
43.48 
8.38 
10.15 
7.73 
13.00 
1.86 
3.12 
1.28 
2.31 
0.29 
0.56 
72.78 
105.44 
35.93 
21.51 
Average 
Maximum 
Minimum 
Std Dev 
Total 541 6.86 
12.93 
3.16 
1.70 
26.03 
42.63 
13.55 
5.86 
26.79 
48.97 
8.38 
6.98 
6.89 
13.19 
1.86 
2.01 
1.04 
2.31 
0.29 
0.35 
67.61 
115.10 
33.58 
15.87 
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Table A-5. (Continued) 
Particle size range (micron) 
Sample — 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 3 
Average 1 106 5.84 24.01 27.16 7.32 1.07 65.41 
Maximum 9.37 41.66 48.44 13.55 2.08 115.10 
Minimum 3.71 14.07 15.33 4.00 0.54 38.29 
Std Dev 1.11 5.66 7.09 2.11 0.33 16.17 
Average 2 118 6.01 26.42 26.78 6.40 0.91 66.51 
Maximum 8.80 40.45 43.46 10.82 1.83 104.78 
Minimum 0.78 14.79 14.35 3.39 0.49 36.78 
Std Dev 1.14 5.36 6.28 1.61 0.25 14.33 
Average 3 64 9.71 21.50 17.54 4.62 0.66 54.03 
Maximum 10.54 29.11 29.93 8.26 1.16 78.62 
Minimum 8.87 17.41 12.01 3.08 0.39 42.38 
Std Dev 0.32 2.82 4.38 1.24 0.19 8.80 
Average 4 67 12.68 25.69 28.63 8.31 1.26 76.56 
Maximum 14.47 34.48 39.85 11.84 2.00 101.88 
Minimum 9.50 15.33 13.12 3.33 0.50 41.78 
Std Dev 0.95 3.02 4.48 1.55 0.26 9.82 
Average 5 120 7.35 29.06 29.14 7.36 1.11 74.03 
Maximum 10.43 43.37 44.27 12.04 1.84 111.42 
Minimum 4.48 16.36 15.19 3.75 0.50 40.33 
Std Dev 1.24 5.65 6.55 1.81 0.30 15.39 
Average 6 90 5.77 27.04 29.55 7.77 1.13 71.27 
Maximum 8.79 42.60 48.49 12.83 1.95 114.65 
Minimum 4.01 17.81 17.46 4.10 0,59 44.01 
Std Dev 1.04 5.08 6.33 1.87 0.29 14.36 
Average Total 565 7.44 25.98 26.97 7.02 1.03 68.44 
Maximum 14.47 43.37 48.49 13.55 2.08 115.10 
Minimum 0.78 14.07 12.01 3.08 0.39 36.78 
Std Dev 2.51 5.49 7.09 2.03 0.33 15.39 
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Table A-6. Summary of measured particle counts for system 3 with 
ionization dust control 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (min) (million particles per cubic meter) 
Trial 1 
Average 1 76 4.40 16.59 12.87 2.63 0.29 36.79 
Maximum 6.92 27.58 21.72 4.23 0.57 59.66 
Minimum 2.45 9.32 7.29 1.45 0.12 20.90 
Std Dev 1.27 5.19 3.84 0.75 0.11 10.99 
Average 2 65 4.52 13.89 12.69 2.44 0.28 33.82 
Maximum 6.01 22.82 20.95 4.00 0.50 54.07 
Minimum 3.37 1.26 4.77 1.07 0.09 15.25 
Std Dev 0.63 4.35 3.80 0.73 0.09 9.42 
Average 3 120 4.22 15.45 13.98 2.85 0.37 36.87 
Maximum 5.77 22.53 21.13 4.50 0.70 54.21 
Minimum 2.96 8.65 7.25 1.45 0.16 20.53 
Std Dev 0.69 3.75 3.58 0.78 0.12 8.78 
Average 4 115 4.69 15.49 14.41 3.19 0.40 38.19 
Maximum 6.75 26.69 26.73 6.53 0.88 67.37 
Minimum 3.28 8.54 7.27 1.35 0.15 20.85 
Std Dev 0.92 4.53 4.78 1.16 0.17 11.52 
Average 5 90 4,98 18.19 17.58 3.88 0.50 45.14 
Maximum 6.51 26.08 26.76 6.00 0.88 65.71 
Minimum 3.44 10.59 9.09 1.93 0.17 25.23 
Std Dev 0.77 4.22 4.71 1.09 0.17 10.85 
Average 6 64 6.90 17.73 14.98 3.17 0.42 43.20 
Maximum 9.46 26.59 23.76 5.11 0.87 64.72 
Minimum 5.05 10.04 7.66 1.58 0.17 24.50 
Std Dev 1.19 4.62 4.30 0.95 0.16 11.08 
Average Total 530 4.84 16.17 14.49 3.06 0.38 38.94 
Maximum 9.46 27.58 26.76 6.53 0.88 67.37 
Minimum 2.45 1.26 4.77 1.07 0.09 15.25 
Std Dev 1.22 4.61 4.50 1.04 0.16 11.09 
148 
Table A-6. (Continued) 
Particle size range (micron) 
Sample 
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 2 
Average 1 90 4.53 17.09 15.21 3.64 0.45 40.92 
Maximum 6.52 25.51 22.76 5.48 0.81 60.25 
Minimum 3.09 6.99 7.94 1.59 0.16 25.44 
Std Dev 1.06 5.16 4.04 0.98 0.14 10.28 
Average 2 63 4.85 19.43 7.89 1.87 0.27 34.30 
Maximum 8.11 26.79 11.51 2.81 0.41 50.68 
Minimum 3.25 15.52 5.98 1.33 0.19 29.06 
Std Dev 0.96 2.76 1.18 0.32 0.05 5.15 
Average 3 136 5.54 16.94 12.84 3.02 0.42 38.77 
Maximum 8.22 25.30 24.97 6.52 0.98 62.57 
Minimum 3.89 11.52 4.27 0.80 0.11 23.69 
Std Dev 1.13 2.96 5.00 1.26 0.19 8.57 
Average 4 90 5.39 17.62 13.81 3.28 0.46 40.58 
Maximum 6.87 26.56 26.22 6.84 1.01 65.70 
Minimum 3.89 11.52 4.27 0.80 0.11 23.69 
Std Dev 0.86 3.73 6.13 1.62 0.25 10.90 
Average 5 66 4.64 15.66 13.77 3.08 0.41 41.80 
Maximum 10.14 23.51 21.40 5.11 0.69 60.85 
Minimum 3.51 8.75 6.97 1.45 0.13 24.76 
Std Dev 0.62 2.56 . 2.72 0.69 0.11 6.56 
Average 6 120 4.43 15.58 13.50 2.88 0.38 36.77 
Maximum 8.09 26.29 23.03 6.24 0.83 61.48 
Minimum 2.52 7.93 6.18 1.14 0.12 18.04 
Std Dev 1.29 4.92 4.88 1.23 0.17 12.27 
Average Total 565 4.93 16.91 13.07 3.01 0.40 38.33 
Maximum 10.14 26.79 26.22 6.84 1.01 65.70 
Minimum 2.52 6.99 4.27 0.80 0.11 18.04 
Std Dev 1.80 4.08 4.96 1.25 0.18 10.02 
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Table A-6. (Continued) 
Particle size range (micron) 
Sample -
Sample Length 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
no. (mln) (million particles per cubic meter) 
Trial 3 
Average 1 90 4.49 15.58 13.56 2.92 0.38 36.93 
Maximum 8.09 23.83 22.65 6.24 0.83 58.27 
Minimum 2.67 8.48 6.38 1.14 0.12 19.01 
Std Dev 1.30 4.63 4.77 1.26 0.18 11.87 
Average 2 90 4.64 17.57 15.96 3.25 0.42 41.84 
Maximum 6.73 27.85 26.48 6.00 0.85 67.55 
Minimum 3.23 10.83 9.49 1.69 0.19 25.53 
Std Dev 0.75 3.81 3.74 0.86 0.13 9.24 
Average 3 90 5.39 17.01 12.06 2.83 0.40 37.69 
Maximum 8.22 24.05 23.00 6.02 0.98 57.87 
Minimum 3.90 11.52 5.34 1.23 0.11 28.70 
Std Dev 1.05 2.75 3.50 0.90 0.14 5.92 
Average 4 92 4.53 16.81 14.54 3.00 0.39 39.27 
Maximum 7.41 29.25 26.18 5.86 0.82 69.49 
Minimum 2.52 7.93 6.18 1.22 0.14 18.04 
Std Dev 1.19 5.42 5.07 1.08 0.15 12.88 
Average 5 120 4.79 16.50 14.19 3.10 0.40 38.98 
Maximum 10.14 26.59 23.76 5.11 0.64 64.72 
Minimum 2.99 8.75 6.97 1.45 0.13 24.76 
Std Dev 1.28 3.63 3.36 0.74 0.11 8.25 
Average 6 70 5.22 14.76 14.42 3.62 0.55 38.57 
Maximum 8.07 24.11 27.03 7.71 1.38 67.00 
Minimum 3.30 7.91 6.66 1.48 0.20 19.55 
Std Dev 1.28 5.01 5.80 1.73 0.31 14.00 
Average Total 552 4.83 16.44 14.12 3.10 0.42 38.90 
Maximum 10.14 29.25 27.03 7.71 1.38 69.49 
Minimum 2.52 7.91 5.34 1.14 0.11 18.04 
Std Dev 1.77 4.34 4.51 1.13 0.18 10.68 
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APPENDIX B: VOLUMETRIC DUST SAMPLES FROM AISI BUILDING 
151 
Table B-1. Measured volumetric dust level with and without ionization 
control for system 1 
Trial Number Treatment Sample Number Dust Level 
(#) (#) (mg/m®) 
No Ionization 1 13.6 
2 14.4 
3 17.0 
4 9.6 
w/ Ionization 1 5.6 
2 7.4 
3 4.6 
4 8.4 
No Ionization 1 9.3 
2 8.3 
3 9.2 
4 9.6 
w/ Ionization 1 5.8 
2 4.1 
3 5.0 
4 5.1 
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Table fi-2. Measured volumetric dust level with and without Ionization 
control for system 2 
Trial Number Treatment Sample Number Dust Level 
(#) (#) (mg/m®) 
1 No Ionization 1 15.3 
2 19.1 
3 26.0 
4 17.8 
w/ Ionization 1 8.9 
2 7.8 
3 8.0 
4 5.2 
2 No Ionization 1 15.9 
2 21.7 
3 16.5 
4 14.6 
w/ Ionization 1 8.6 
2 7.6 
3 7.7 
4 8.6 
3 No Ionization 1 15.3 
2 13.7 
3 15.5 
4 17.8 
w/ Ionization 1 8.1 
2 5.3 
3 8.5 
4 8.7 
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Table B-3. Measured volumetric dust level with and without Ionization 
control for system 3 
Trial Number Treatment Sample Number Dust Level 
(#) (#) (mg/m®) 
1 No Ionization 1 9.8 
2 13.7 
3 8.8 
4 11.4 
w/ Ionization 1 3.3 
2 3.6 
3 3.9 
4 4.0 
2 No Ionization 1 9.0 
2  8 . 6  
3 8.3 
4 10.5 
w/ Ionization 1 2.5 
2 3.7 
3 3.9 
4 3.7 
3 No Ionization 1 10.6 
2 8.4 
3 9.3 
4 8.2 
w/ Ionization 1 3.6 
2 4.1 
3 3.8 
4 4.2 
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APPENDIX C: SUMMARY OF DUST MEASUREMENTS TAKEN IN LABORATORY 
155 
Table C-1. Initial and final dust concentration and percent reduction 
after 40 minute sample without ionization, Treatment 1 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 
Final 
% Reduction 
Initial 2 
Final 
% Reduction 
Initial 3 
Final 
% Reduction 
Initial 4 
Final 
% Reduction 
Initial 5 
Final 
% Reduction 
Initial 6 
Final 
% Reduction 
17.9 
7.9 
55.5 
57.5 
22.7 
60.6 
36.5 
23.7 
35.1 
119.8 
77.4 
35.4 
47.8 
35.1 
26.5 
166.5 
139.8 
16.1 
48.6 
26.9 
44.7 
190.2 
117.7 
38.1 
11.2 
11.3 
-1.2 
41.8 
30.0 
28.2 
21.3 
18.2 
14.4 
46.1 
43.1 
6.5 
186.8 94.2 
67.8 23.2 
63.7 75.4 
393.9 233.7 
243.7 103.8 
38.1 55.6 
591.6 701.8 
509.5 320.5 
13.9 54.3 
735.8 794.2 
557.8 410.1 
24.2 48.4 
60.7 26.6 
36.4 16.2 
40.1 38.8 
49.7 16.7 
42.2 12.0 
15.2 28.2 
11.3 367.7 
1.4 123.1 
87.3 66.5 
40.6 824.6 
8.0 456.8 
80.2 44.6 
352.8 1860.5 
60.1 1065.0 
83.0 42.8 
329.9 2098.6 
65.0 1177.5 
80.3 43.9 
7.5 147.7 
4.7 98.7 
37.0 33.2 
3.8 137.6 
2.6 118.0 
32.4 14.2 
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Table C-2. Initial and final dust concentration and percent reduction 
after 40 minute sample for needlepoint negative electrode 
ionization, Treatment 2 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 19.8 65.3 214.6 123.8 19.9 443.3 
Final 0.1 0.1 0.1 0.0 0.0 0.3 
% Reduction 99.7 99.8 99.9 100.0 100.0 99.9 
Initial 2 41.5 149.1 566.6 451.8 203.9 1413.0 
Final 0.3 1.1 3.3 0.7 0.0 5.4 
% Reduction 99.3 99.3 99.4 99.8 100.0 99.6 
Initial 3 46.4 164.5 555.1 408.8 178.1 1352.9 
Final 1.5 8.4 33.7 12.3 0.7 56.6 
% Reduction 96.7 94.9 93.9 97.0 99.6 95.8 
Table C-3. Initial and final dust concentration and percent reduction 
after 40 minute sample for wire negative electrode without 
enclosure, Treatment 3 
Particle size range, micron 
Trial - -
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 46.0 177.3 635.4 357.8 345.0 1561.6 
Final 0.5 2.3 8.3 2.2 0.1 13.4 
% Reduction 99.0 98.7 98.7 99.4 100.0 99.1 
Initial 2 54.2 210.3 686.5 795.5 410.3 2156.7 
Final 1.3 3.2 8.1 2.6 0.1 15.4 
% Reduction 97.5 98.5 98.8 99.7 100.0 99.3 
Initial 3 46.9 198.7 786.9 573.0 142.3 1747.7 
Final 0.9 4.8 16.0 4.0 0.3 26.1 
% Reduction 98.0 97.6 98.0 99.3 99.8 98.5 
Initial 4 46.3 212.8 783.0 205.1 124.9 1372.1 
Final 0.2 1.7 4.5 0.9 0.0 7.3 
% Reduction 99.5 99.2 99.4 99.6 100.0 99.5 
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Table C-3. (Continued) 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 5 48.6 198.5 733 .8 397.0 307.7 1685.7 
Final 2.5 10.1 28 .8 7.1 0.4 48.8 
% Reduction 95.0 94.9 96 .1 98.2 99.9 97.1 
Initial 6 48.0 182.9 662 .1 783.4 452.3 2128.7 
Final 1.5 7.1 24 .0 6.7 0.7 40.0 
% Reduction 96.9 96.1 96 .4 99.1 99.9 98.1 
Initial 7 48.4 187.3 712 .0 738.5 318.4 2004.6 
Final 3.4 12.0 35 .1 7.4 0.4 58.2 
% Reduction 92.9 93.6 95 .1 99.0 99.9 97.1 
Initial 8 57.0 224.9 821 .9 827.1 290.8 2221.8 
Final 2.5 14.7 47 .9 8.7 0.3 74.1 
% Reduction 95.6 93.5 94 .2 98.9 99.9 96.7 
Initial 9 58.1 232.1 849. 8 868.3 281.5 2289.9 
Final 2.6 17.8 52, .5 8.8 0.3 81.9 
% Reduction 95.5 92.4 93. 8 99.0 99.9 96.4 
Table C-4. Initial and final dust concentration and percent reduction 
after 40 minute sample for 0.052 m^ /s (110 ft^ /mln) dilution 
fan without ionization, Treatment 4 
Particle size range, micron 
Trial -
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 42.7 170.9 678.5 653.0 235,0 1780.1 
Final 10.9 40.0 123.6 39.4 3.1 217.0 
% Reduction 74.5 76.6 81.8 94.0 98.7 87.8 
Initial 2 38.5 152.3 601.3 628.3 257,4 1677,6 
Final 19.3 76.7 277.8 148.3 31.1 553.2 
% Reduction 50.1 49.6 53.8 76.4 87,9 67.0 
Initial 3 44.8 165.3 575.9 509.9 155,6 1451,6 
Final 26.6 103.1 346.7 166.7 16.0 759.1 
% Reduction 40.5 37.6 39.8 67.3 89.7 47.7 
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Table C-5. Initial and final dust concentration and percent reduction 
after 40 minute sample for solid-sided electrode enclosure and 
distribution duct, Treatment 5 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 45.2 159.1 592.2 516.3 153.7 1466.5 
Final 28.9 105.9 378.1 184.1 22.3 719.4 
% Reduction 36.0 33.4 36.2 64.3 85.5 50.9 
Initial 2 38.4 145.3 189.7 101.8 125.9 601.0 
Final 4.6 18.7 60.7 21.9 2.0 107.8 
% Reduction 88.1 87.1 68.0 78.5 98.4 82.1 
Initial 3 42.7 170.9 678.6 653.1 235.0 1780.3 
Final 10.9 39.9 123.7 39.4 3.0 217.0 
% Reduction 74.5 76.6 81.8 94.0 98.7 87.8 
Table C-6. Initial and final dust concentration and percent reduction 
after 40 minute sample for solid-sided electrode enclosure, 
Treatment 6 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 43.1 173.5 477.2 313.7 212.2 1219.7 
Final 0.7 2.2 4.6 0.8 0.0 8.3 
% Reduction 98.4 98.7 99.0 99.8 100.0 99.3 
Initial 2 36.1 153.0 635.3 553.0 157.3 1534.6 
Final 1.4 3.7 9.0 2.2 0.1 16.5 
% Reduction 96.2 97.6 98.6 99.6 99.9 98.9 
Initial 3 14.6 62.1 328.9 193.3 31.2 630.1 
Final 1.2 3.1 9.7 3.5 0.3 17.9 
% Reduction 91.5 95.1 97.0 98.2 98.9 97.2 
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Table C-7. Initial and final dust concentration and percent reduction 
after 40 minute sample for slotted-slded electrode enclosure, 
Treatment 7 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 37.5 144.4 538.2 468.9 153.7 1342.8 
Final 1.1 4.3 9.9 2.1 0.1 17.5 
% Reduction 97.2 97.0 98.2 99.5 100.0 98.7 
Initial 2 40.1 154.8 581.0 512.7 149.4 1438.0 
Final 0.9 2.8 5.7 1.4 0.1 10.8 
% Reduction 97.9 98.2 99.0 99.7 99.9 99.2 
Initial 3 38.2 150.2 604.4 595.5 229.8 1618.2 
Final 0.5 1.7 4.0 1.0 0.1 7.3 
% Reduction 98.6 98.9 99.3 99.8 100.0 99.5 
Initial 4 41.7 156.4 550.5 645.4 328.1 1722.2 
Final 0.8 3.2 8.6 2.1 0.1 14.8 
% Reduction 98.1 98.0 98.4 99.7 100.0 99.1 
Initial 5 39.4 163.8 636.7 582.0 214.5 1636.4 
Final 1.8 7.2 14.2 2.2 0.1 25.5 
% Reduction 95.4 95.6 97.8 99.6 100.0 98.4 
Initial 6 11.0 39.4 117.8 37.0 2.7 208.0 
Final 1.5 3.5 4.6 0.6 0.0 10.3 
% Reduction 86.2 91,1 96.1 98.2 99.2 95.1 
Initial 7 29.5 140.6 548.7 389.9 101.6 1210.2 
Final 1.8 7.2 14.2 . 2.2 0.1 25.5 
% Reduction 93.8 94.9 97.4 99.4 99.9 97.9 
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Table C-8. Initial and final dust concentration and percent reduction 
after 40 minute sample for mesh electrode enclosure, Treatment 
8 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 36.3 169.8 669.2 425.7 61.5 1362.5 
Final 2.0 14.0 36.7 14.0 0.9 67.6 
% Reduction 94.4 91.8 94.5 96.7 98.6 95.0 
Initial 2 49.8 235.3 784.1 466.6 74.0 1609.9 
Final 4.1 12.1 22.0 3.7 0.2 42.1 
% Reduction 91.7 94.9 97.2 99.2 99.7 97.4 
Initial 3 57.7 262.6 826.1 536.9 116.6 1799.9 
Final 5.2 15.0 32.5 6.6 0.3 59.5 
% Reduction 90.9 94.3 96.1 98.8 99.8 96.7 
Initial 4 18.4 83.5 347.7 106.4 4.2 560.0 
Final 0.5 1.8 4.8 0.7 0.0 7.9 
% Reduction 97.1 97.9 98.6 99.3 99.7 98.6 
Initial 5 36.2 163.9 393.8 168.5 19.6 782.1 
Final 1.6 6.6 9.4 1.4 0.0 19.0 
% Reduction 95.6 96.0 97.6 99.2 99.8 97.6 
Initial 6 43.7 190.7 670.7 411.1 78.5 1394.8 
Final 0.6 2.0 4.6 0.9 0.0 8.1 
% Reduction 98.6 99.0 99.3 99.8 100.0 99.4 
Initial 7 62.7 254.4 889.9 690.8 156.9 2054.8 
Final 0.9 2.7 6.3 1.0 0.0 10.9 
% Reduction 98.5 99.0 99.3 99.9 100.0 99.5 
Initial 8 75.1 280.1 916.4 852.5 261.2 2385.3 
Final 1.5 6.2 16.6 2.6 0.1 27.0 
% Reduction 98.0 97.8 98.2 99.7 100.0 98.9 
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Table C-9. Initial and final dust concentration and percent reduction 
after 40 minute sample for uncoated tubular positive collector, 
Treatment 9 
Particle size range, micron 
Trial 
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 41.1 172.5 679.1 694.1 233.7 1820.5 
Final 0.5 2.2 8.3 2.3 0.2 13.5 
% Reduction 98.8 98.7 98.8 99.7 99.9 99.3 
Initial 2 40.8 175.5 717.7 478.3 226.4 1638.6 
Final 1.4 7.6 26.8 6.9 0.2 42.9 
% Reduction 96.6 95.7 96.3 98.5 99.9 97.4 
Initial 3 47.4 191.5 725.2 769.4 253.5 1987.0 
Final 1.2 6.1 21.2 7.4 0.4 36.3 
% Reduction 97.5 96.8 97.1 99.0 99.8 98.2 
Initial 4 54.2 210.3 686.5 795.5 410.3 2156.7 
Final 1.3 3.2 8.1 2.6 0.1 15.4 
% Reduction 97.5 98.5 98.8 99.7 100.0 99.3 
Initial 5 46.9 198.7 786.9 573.0 142.3 1747.7 
Final 0.9 4.8 16.0 4.0 0.3 26.1 
% Reduction 98.0 97.6 98.0 99.3 99.8 98.5 
Initial 6 46.3 212.8 783.0 205.1 124.9 1372.16 
Final 0.2 1.7 4.5 0.9 0.0 7.3 
% Reduction 99.5 99.2 99.4 99.6 100.0 99.5 
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Table C-10. Initial and final dust concentration and percent réduction 
after 40 minute sample for coated tube positive collector, 
Treatment 10 
Particle size range, micron 
Trial -
Number 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >10.0 >0.5 
(#) (million particles per cubic meter, mppcm) 
Initial 1 90.7 326.1 988.2 894.8 208.2 2507.9 
Final 7.5 34.6 70.6 11.4 0.2 124.3 
% Reduction 91.8 89.4 92.9 98.7 99.9 95.0 
Initial 2 66.9 291.8 947.8 605.1 110.9 2022.6 
Final 3.0 15.6 40.8 7.3 0.2 66.9 
% Reduction 95.6 94.6 95.7 98.8 99.9 96.7 
Initial 3 69.6 279.4 549.9 697.2 154.3 1750.4 
Final 2.6 11.3 28.3 5.2 0.1 47.5 
% Reduction 96.3 96.0 94.9 99.3 99.9 97.3 
Initial 4 48.6 198.5 733.8 397.0 307.7 1685.7 
Final 2.5 10.1 28.8 7.1 0.4 48.8 
% Reduction 95.0 94.9 96.1 98.2 99.9 97.1 
Initial 5 48.0 182.9 662.1 783.4 452.3 2128.7 
Final 1.5 7.1 24.0 6.7 0.7 40.0 
% Reduction 96.9 96.1 96.4 99.1 99.9 98.1 
Initial 6 48.4 187.3 712.0 738.5 318.4 2004.6 
Final 3.4 12.0 35.1 7.4 0.4 58.2 
% Reduction 92.9 93.6 95.1 99.0 99.9 97.1 
Initial 7 57.0 224.9 821.9 827.1 290.8 2221.8 
Final 2.5 14.7 47.9 8.7 0.3 74.1 
% Reduction 95.6 93.5 94.2 98.9 99.9 96.7 
Initial 8 58.1 232.1 849.8 868.3 281.5 2289.9 
Final 2.6 17.8 52.5 8.8 0.3 81.9 
% Reduction 95.5 92.4 93.8 99.0 99.9 96.4 
Initial 9 1.8 10.5 31.2 4.4 0.1 48.0 
Final 0.3 1.4 3.4 0.3 0.0 5.3 
% Reduction 85.6 87.0 89.3 92.3 87.9 88.9 
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APPENDIX D: STATISTICAL COMPARISON OF VOLTAGE VARIATION BY 
PARTICLE SIZE IN THE LABORATORY 
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Table D-1. Statistical comparison dust decay rate for different negative 
and positive voltages expressed as percent of full voltage. N 
- no significant difference, T - significant difference at 
p<0.20, U - difference at p<0.1, V - difference at p<0.05, W -
difference at p<0.025, X - difference at p<0.01, Y - difference 
at p<0.005, Z - difference at p<0.0005 
Voltage Particle size, micron 
Compared — 
(kV) 0.5-1.0 1.0-2.0 2.0-5.0 5.0-10.0 >0.5 
N- 22,P- 16 vs. N- 22,P- 13 Z W W X Z 
N- 22,P- 10 Y Y X Y Z 
N- 18, P- 16 N N N N N 
N- 18,P- 13 Z Y Y Y Z 
N- 18, P- 10 Z Y Y Z Z 
N- 13, P- 16 Y W W W W 
N- 13, P- 13 Z Z Y Z Z 
N- 13,N- 13 z Y Y z z 
N- 22,P- 13 vs. N- 22,P- 10 V U T u Y 
N- 18, P- 16 u V W Y Y 
N- 18,P- 13 Y X X X X 
N- 18, P- 10 Y Y Y Y Y 
N- 13,P- 16 N N N T N 
N- 13, P- 13 z Y U Z Z 
N- 13,N- 13 Z X X Y Y 
N- 22,P- 10 vs. N- 18, P- 16 V W Y Y Z 
N- 18, P- 13 V w X W N 
N- 18,P- 10 w X Y W W 
N- 13, P- 16 u u N N N 
N- 13, P- 13 Y Y T Y Z 
N- 13,N- 13 U X X X W 
N- 18,P- 16 vs. N- 18, P- 13 w Y Z Z z 
N- 18,P- 10 X Y Z Z Z 
N- 13,P- 16 T V X w w 
N- 13, P- 13 Y Y Y Z z 
N- 13,N- 13 X Y Z Z z 
N- 18,P- 13 vs. N- 18,P- 10 N U T N u 
N- 13,P- 16 X Y X N T 
N- 13,P- 13 X V U U Y 
N- 13, N- 13 N N N N U 
N- 18,P- 10 vs. N- 13, P- 16 Y Y Y T U 
N- 13,P- 13 W W V W X 
N- 13,N- 13 U U U N N 
N- 13,P- 16 vs. N- 13,P- 13 z Y T V W 
N- 13, P- 10 Y Y X T V 
N- 13,P- 13 vs. N- 13,P- 10 Y W U Y W 
165 
APPENDIX E. SUMMARY OF MATHEMATICAL EXPRESSIONS REPRESENTING THE 
ELECTROSTATIC PRECIPITATION PROCESS 
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THEORETICAL CONSIDERATIONS 
Formula Development 
Theoretical considerations of the electrostatic precipitation 
process are based on formulas which ignore some conditions and make 
assumptions about other conditions. Because of the complex combination 
of conditions associated with electrostatic precipitation processes it is 
not practical to derive expressions representing the process on a 
theoretical basis alone. Many electrostatic precipitator designs are 
based on empirical solutions and many of the equations representing the 
processes are developed semi-empirically. 
Ionizing electrode and collector electrode geometry are also 
important factors in the derivation of equations representing the 
electrostatic process. Wire electrodes surrounded by cylinder collectors 
can be reduced to a one-dimensional problem simplifying the solution 
because of their axial symmetry if end effects are ignored. Calculations 
for wire-plate precipitators or other precipitators with nonsymmetrical 
geometries are difficult mathematically (Oglesgy and Nichols, 1978). 
A summary of some of the formulas developed by different 
investigators are presented here as a basic foundation for the 
mathematical representation of the electrostatic precipitation process, 
ïnitlfcing çoTPna 
The electric field strength at which corona discharge begins has 
been studied by Peek and a semi-empirical solution has been presented to 
represent the corona discharge initiating electric field strength, Eg. 
The electric field Is defined by 
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Eg - (3 X 10®) X m X (6 + 3.0 x ys/a ) • 
where 
a - radius of the corona wire, m 
D - wire roughness factor 
S - relative air density - (Tq/T)(P/Pq) 
Eg - corona starting electric field, V/m 
P - pressure of air, atm 
T - temperature of air, K 
Tg - 298 K 
Pq - 1 atm 
From the corona initiation electric field equation the required 
applied voltage for corona initiation, V^ , can be approximated by the 
following equation. 
Vg - (3 x 10®) x a x m x (5 + 3.0 x J6/a ) x ln(R/a) 
R - distance between wire electrode and collector electrode, m 
This relationship shows that the required applied voltage Increases 
as the wire diameter increases. It can also be recognized from these 
expressions that the electric field strength near the wire electrode 
surface increases as the wire diameter decreases. 
Electric field 
An electric field develops when voltage Is applied to a pair of 
electrodes. If the electrode are infinite parallel plates the electric 
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field is uniform and depends upon the applied voltage magnitude and 
distance between plates. If one of the electrodes is a configuration 
with a small radius of curvature, the electric field will be nonuniform. 
The electric field will be highest near the small diameter electrode. 
Wlre-cvlinder tvoe precipitator The electric field in an 
electrostatic precipitator is the result of the electrode surface charge 
due to an applied voltage and the space charge due to ions and charged 
particles in the interelectrode space. Assuming no space charge the 
electric field in a wire electrode and cylinder collector configuration 
can be expressed by the following equation. 
E - V / (r X ln(R/a)) 
where 
a - corona wire radius, m 
R - distance between corona wire and collector, m 
E - electric field at any radius r, V/m 
r - any radius from the corona wire within the cylinder, m 
V - applied voltage, V 
As the applied voltage is Increased, the electric field near the 
surface of the wire electrode Increases until corona generation and 
localized ionization of gases occurs. With the Increase in electric 
field and ionization of gases. Ions and charged particles in the 
interelectrode space create a space charge, p, which affects the electric 
field in the precipitator. Oglesby and Nichols (1978) derive an 
expression for the electric field in the Interelectrode space with a 
space charge density, p, using Poisson's equation. 
169 
1 dV p 
+ + - 0 
dr* r dr 
The solution relates the space charge density, p, to the electrical 
current density, J, applied electric field, E, and charged carrier 
mobility in the following expression, p - J / (b x E) 
Recognizing that the electric field is defined as the negative rate 
of change of voltage with position (E - -dV/dr) and that the current 
density is related to the current per unit length of wire (i) by the 
equation j - 1 / (2 x f x r) Poisson's equation can be rewritten,In the 
following form. 
dE 1 
r E + E^  - - 0 
dr 27r€Qb 
Integrating this expression and solving for the constant of 
Integration Oglesby and Nichols (1978) derived the following expression 
for the radial variation of the electric field with current flow, corona 
generation field strength, and radius of the corona glow region taken 
into account. 
where 
E - electric field strength, V/m 
Tq - radius of the corona glow region, m 
Eg - corona initiation electric field strength, V/m 
r - any radius from the cylinder to the wire electrode, m 
ine^b 
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1 - current per unit length of wire 
Cq - permittivity of free space 
b - charge carrier mobility 
A voltage-current relationship can be obtained from this previous 
expression. Oglesby and Nichols (1978) present the following expression. 
V - V, + 
ln(R/a) r 1 + 
1 + 
+ In 
R 
V'l 
/ R 
1 + 
-
Iv, 
2 
1/2 
2jr€{,b 
27reob 
1/2 
where is the corona initiation voltage for the electrostatic 
precipitator. 
These derivations apply to conditions when a single current-
carrying species with an ion mobility of b and a current of 1 at the 
applied voltage. When multiple charge carriers exist the above derived 
expressions must be modified to account for the differences in Ion 
mobilities. As a good approximation for this study the charge carrier 
mobility (b) for air can be used. The ion mobility for negative Ions In 
dry air is 2.1 m^ /(sec-V) x 10*' and for positive Ions it is 1^ 36 m^ /(sec-
V) x 10"' (Bohm, 1982; Oglesby and Nichols, 1978). 
The optimum condition in an electrostatic precipitator occurs at 
the voltage potential that causes a considerable number of negative ions 
to flow continuously from a point near the corona wire toward the 
collector plate without sparking or a flashover occurring. Brown (1974) 
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presents an equation relating many of these factors for evaluation. 
2b 
1 - <V - Vg) V 
R* ln(R/a) 
where 
1 - corona current per unit length of discharge electrode 
b - mobility of the Ions 
V - applied voltage 
Vg - corona starting voltage 
a - radius of corona wire 
R - distance between corona wire and collector surface 
From this expression It can be seen that the corona current depends 
on the applied voltage, corona wire radius, and distance between the 
corona wire and collector. It Is also dependent on the difference 
between the corona starting voltage and the applied voltage. The corona 
current increases as the applied voltage is Increased and is reduced as 
the distance between the corona wire and collector is increased. 
Wire-plate tvoe precipitator The calculation of the electric 
field in wire-plate type precipitators or other nonsymmetrical 
configurations is difficult. Since most commercial precipitators are 
typically a wire electrode with parallel collector plates type, the 
magnitude of electric fields have been examined quantitatively. Both the 
average electric field and electric field strength at the plate for this 
type of precipitator are higher than for a wire-cylinder type 
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precipitator (Oglesby and Nichols, 1978). 
For steady-state conditions the electric field can be defined 
generally by the following equations. 
V • Cg E - p 
and 
V . j - 0 
where 
Cq - permittivity of free space 
E - electric field 
V - electric potential 
j - p X b X E 
b - mobility of charge carriers 
p - space charge density 
An analytical solution to these equations Is not straightforward. 
One approach toward a solution would be to Ignore the space charge due to 
ions and charged particles. This has been shown to be an unrealistic 
approach because the space charge effect Is significant. Another 
approach toward a solution is to consider the space charge due to ions 
and charged particles to be uniform throughout the precipitator. An 
analytical solution developed by Cooperman using this approach is cited 
by Oglesby and Nichols (1978). This solution takes into account the wire 
to plate spacing, wire to wire spacing, coordinate location with respect 
to the corona wire ip the precipitator, and corona wire radius. The 
first term of this solution is based on no space charge and the second 
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term takes Into account the space charge to give a complete expression 
for the voltage potential at any location In the precipitator. 
V(x,y) - Vg 
00 
£ 
m—-00 
In 
cosh ( r (y  -  2mSy)/2S^ ) - cos (ïrx/2Sj,) 
cosh (ir(y - 2mSy)/2Sjj) + cos (irx/2Sj^ ) 
jS_ In (d/a) 
TT €o b Vq 
(S 2 - %:) 
00 " cosh (irmSy/Sj,) - cos (ira/2Sj,) 
E In 
#"«00 cosh (mnSy/Sj,) + cos (jra/2Sj,) 
where 
Vq - applied voltage 
j - average current density (measured) 
Sjj - wire to plate spacing 
Sy - one-half wire to wire spacing 
a - radius of corona wire 
X - position measured toward plate with corona wire as origin 
y - position measured parallel to plates with wire as origin 
d - a geometry factor dependent upon the ratio of Sj^  and Sy 
b - mobility of charge carriers 
6g - permittivity of free space 
For the ionization dust removal systems Investigated In this study, 
the entire animal room could be assumed to act as an electrostatic 
precipitator for application of this expression when making 
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approximations of potential In the room, at the collector, and corona 
wire. Further evaluation Is required to determine the appropriateness of 
this expression for representing the conditions In the rooms 
Investigated. 
Other Investigators have attempted to develop solutions to the 
electric field equations for a plate and wire electrode precipitator 
using numerical methods by dividing the area of Interest Into a fine grid 
and calculating the space charge density and electric field or voltage 
potential as a function of position one node at a time. The use of 
computer mathematical routines are required to effectively develop these 
solutions and will not be presented here. 
Particle çherging 
Particles are charged by field or bombardment charging and 
diffusion charging. Field charging is the primary charging mechanism for 
particles with a radius greater than 0.5 to 1.0 micron (Brown, 1974; 
Oglesby and Nichols, 1978). Particles less than 0.5 micron are 
predominately charged by diffusion charging. 
For field charging, ions continue to collide with and attach to 
dust particles until their charge is sufficient to repel additional ions 
flowing toward the particle. The expression describing the electric 
field around a particle can be represented by 
E - 3 X Eq x cos 0 - q/(4 x TT x Cq x a^ ) 
where 
Eg - uniform undisturbed electric field 
0 - angle between a point on the particle and the electric 
field lines 
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q - charge on the particle 
a - radius of particle 
6g - permittivity of free space 
The rate at which a particle gains charge is initially high and is 
limited only by the rate ions flow toward the particle due to the 
external electric field. Charge will continue to flow toward a particle 
until the field around the particle due to the charge is equal to the 
external field, at this time a limiting charge is achieved. When the 
particle reaches a limiting charge the electric field near the particle 
and the angle between a point on the particle and the electric field 
lines approaches zero. From the previous equation setting E-0 and cos 
8-1 the saturation charge, q,, on a particle can be represented by 
q, - 12 X TT X a^  X €q X Eq 
where 
q, - saturation charge on the particle 
a - radius of particle 
Cq - permittivity of free space 
Eg - initial undisturbed electric field 
This represents the charge on a conducting particle in an electric 
field with unipolar ions. To account for nonconducting particles a 
factor, 3k/(k+2) where k is the relative dielectric constant, must be 
Introduced into the saturation equation. For particles of low dielectric 
constant (poor conductors) the factor approaches unity and the constant 
approaches 3 for particles with a high dielectric constant. 
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q, - 12 X 3k/(k + 2) % % x a*x <^ x Eg 
The rate of change of charge on a dust particle Is dependent on the 
current density and the active charging area of the particle. The 
current density can be represented by the unipolar Ion concentration In 
the space, N^ ; electronic charge, e; Ion mobility, b; and electric field, 
E. An expression representing the charge as a function of time Is as 
follows. 
q(t) - 12 x 3k/(k +2) x ir x Cq x a^  x Eq x t / (t + AeQ/N^ eb) 
where 
q(t) - particle charge as a function of time 
k - dielectric constant 
€q - permittivity of free space 
a - radius of particle 
Eg - uniform undisturbed electric field 
t - time 
Ng - Ion concentration 
e - electronic charge 
b - Ion mobility 
Diffusion charging is assumed to occur Independent of the electric 
field. Collisions between Ions and particles occur because of the random 
thermal motion of the gas and ions. Diffusion charging can be described 
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by Che kinetic theory of gases (Bohm, 1982; Oglesby and Nichols, 1978). 
Using this approach the current flow or charging of a particle with a 
radius of a, carrying n elementary charges, located in a space with 
unipolar ions can be determined. The diffusion charging process with 
respect to time can be described by the following expression. 
JT a V Nq e^  t 
1 + 
K T 
where 
q(t) - particle charging with respect to time 
a - radius of particle 
K - Boltzmann's constant 
T - temperature, K 
e - electronic charge 
v - thermal velocity of the. ions 
Nq - ion density 
t - time 
a K T 
q(t) - X In 
e 
This expression shows that diffusion charging increases as the 
temperature increases and no apparent saturation charge exists. There is 
no upper boundary limit for the thermal velocity of the ions. However, 
as the potential of the particle increases, the number of impacts due to 
diffusion charging decreases. There is a fundamental limit for diffusion 
charging but is usually not reached in practice (Oglesby and Nichols, 
1978). 
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Particle collection 
The primary objective of electrostatic precipitation Is to charge a 
particle with Ions and direct that particle under the Influence of 
electric field forces toward a collection electrode. The velocity at 
which a particle migrates toward the collection electrode is governed by 
the magnitude of the electrostatic and viscous drag forces. 
Four principal forces acting on particles in an electrostatic 
precipitator are gravitational, electrical, viscous, and Inertial. The 
significant forces acting on a particle are electrical and viscous 
forces. Generally, the gravitational and inertial forces are at least 
two decimal orders of magnitude less than the electrical forces and are 
generally considered negligible (Oglesby and Nichols, 1978). For a 
typical plate type precipitator the forces in the x direction govern the 
motion of the particle since gravitational forces are considered to have 
a small contribution to the total force. Summing the forces in the x 
direction and substituting the physical quantities for each force Oglesby 
and Nichols cite the following equation to represent the particle motion. 
qE - 67ranw - mdw/dt - 0 
where 
qE - electrical force 
6)ranw - viscous force 
mdw/dt - inertial force 
Rearranging this expression and solving the linear differential 
equation for the migration velocity, w, the following equation results. 
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w - qE/6%an x (1 - exp(-6)rant/ffl)) 
where 
w - particle migration velocity 
q - particle charge 
E - electric field 
a » particle radius 
n - viscosity of air 
m - mass of the particle 
t - time 
Oglesby and Nichols (1978) report that the residence time for dust 
In a typical precipitator Is about 2 to 5 seconds. Large particles (50 
micron and above) have an acceleration time that Is short compared to the 
residence time and are entirely collected. The residence time for small 
particles Is large compared to the acceleration time, therefore the 
exponential part of the migration velocity equation can normally be 
ignored (Oglesby and Nichols, 1978). This simplifies the equation to 
w - q x Ep / 6»ran 
where 
Ep - electrical field adjacent to the collection electrode 
The equation for particle charging as a function of time can be 
substituted for q In the migration velocity equation resulting In the 
following equation. 
w - 12 x 3k/(k+2) x TTCga^ Eg x t/(t + Agg/Ngeb) x Ep/ôWan 
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For particles with a high dielectric constant that have attained a 
saturation charge, the factor 3k/(k + 2) and the expression 
t/(t+(46g/MQeb) approach 1 simplifying the equation for the migration 
velocity to give the steady-state expression for field charging shown 
below. 
w - (2 x cq x Eq x Ep x a) / n 
where 
w - migration velocity, m/s 
Eq - Initial electric field, V/m 
Ep - electric field at collector plate, V/m 
a - particle radius, m 
n - viscosity of air, 1.8 x 10"® kg/m-s 
Cg - permittivity of free space, farad/m 
This expression Is based on laminar flow, little or no 
reentralnment occurs, and particles are all of equal size. In reality 
the gas flow may be turbulent, reentralnment of particles may occur, and 
particle size will vary. Brown (1974) shows that the migration velocity 
Is proportional to particle size and will Increase as particle size 
increases to a point where the migration velocity is constant. Particles 
greater than about 20 microns will have a constant migration velocity. 
Therefore, particle size can be an important factor in precipitator 
performance. 
An expression for migration velocity of a particle due to diffusion 
charging can be obtained by substituting the equation for particle 
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charging as a function of time into the migration velocity equation. 
After substitution and rearrangement of terms the following expression 
results. 
w - (Ep / 67rn) X (kT / e) x In ((1 + JTavN^ e^ t) / kT) 
The expression for diffusion charging as a function of time 
indicates that no saturation charge occurs. Therefore, the migration 
velocity of very small particles continues to Increase the entire time a 
particle is in the precipitator. 
Collection efficiency 
For any application of electrostatic precipitation a certain 
portion of the total dust load will be removed resulting in a collection 
efficiency. Brown (1974) cites an expression derived by Deutsch and 
others representing particle collection in electrostatic precipitators. 
The function is an exponential function of the form 
Eff - 1 - exp(-k) 
The factor k is a function of the geometric size of the 
precipitator, migration velocity of the charged particles, and the gas 
velocity. The factor k can be expressed in several ways, some of the 
expressions are 
(1) k - w x F (all types of precipitators) 
(2) k - w X (2L / Rv) (cylinder type) 
(3) k - w X (L / Dv) (plate type) 
where 
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w - migration velocity 
F - total collecting electrode area / total gas volume 
L - length of collection electrode 
R - radius of cylinder collector 
V - gas velocity 
D - spacing between discharge and collector electrodes 
Based on these parameters the efficiency of an electrostatic 
precipitator can be determined. This expression can also be used to 
approximate the correct size of a precipitator to obtain a certain 
efficiency if from empirical calculations based on past experience the 
value of the migration velocity is known. 
